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(57) Abstract: An electric power meter 
(L201) is described which implements 
a method of measuring the value of an 
electrical power parameter, such as Universal 
Apparent Power or Universal Power Factor, 
of an electrical ix)wer signal. The method 
is implemented in the time domain and 
comprises: calculating a first instantaneous 
power compenent (/^p(t)) as the product of 
an instantaneous voltage signal (v\.a, v^b, 
v'vc) of the electrical power signal and an 
instantaneous current signal (v^a, Vjb, Vic> 
of the electrical power signal, carrying 
40 out a relative phase shift between the 

^ instantaneous voltage signal (vva, v.^, vvc) 

and the instantaneous current signal (v*,ia, Vib, 
Vic', and calculating a second instantaneous 
power component (/?q(l)> as the product of 
the relatively phase-shifted instantaneous 
voltage and instantaneous current signals (Vi^, 
Vib' ^ic)* 'The first and second instantaneous 
power components (pp(t>, pq(i)) are then 
RMS averaged to determine their respective 
magnitudes. Both of the calculated 
magnitudes are then used to determine the 
value of the electrical power parameter. T>ic 
method can alternatively be implemented in 
50 the frequency domain to produce equivalent 

measurement values. 
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(57) Abstract 

An electric power meter (1,201) is described 
which implements a method of measuring the value 
of an electrical power parameter, such as Universal 
Apparent Power or Universal Power Factor, of an 
electrical power signal. The method is implemented 
in the time domain and comprises: calculating a first 
instantaneous power compenent (pp(t)) as the product 
of an instantaneous voltage signal (vva, vvb, Vvc) of 
the electrical power signal and an instantaneous cur- 
rent signal (Via, v\b, v\c) of the electrical power signal, 
carrying out a relative phase shift between the instan- 
taneous voltage signal (vva» vvb, vvc) and the instan- 
taneous current signal (v,ia, vjb, v\c', and calculating 
a second instantaneous power component (/?q(t)) as 
the product of the relatively phase-shifted instanta- 
neous voltage and instantaneous cun-ent signals (via, 
vib, Vic). The first and second instantaneous power 
components (pp(i), Pq(t)) are then RMS averaged to 
determine their respective magnitudes. Both of the 
calculated magnitudes are then used to determine the 
value of the electrical power parameter. The method 
can alternatively be implemented in the frequency do- 
main to produce equivalent measurement values. 
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IMPROVEMENTS RELATING TO ELECTRICAL POWER MEASUREMENT 

The present invention concerns improvements relating to electrical power measurement and 
more particularly, though not exclusively, to a method of measuring an electrical power 
parameter, such as Apparent Power or Power Factor, which is accurate for single and multiple 
5 phases under all conditions namely those of balanced and unbalanced loads, and distorted and 
non-distorted waveforms. 

The quantities that have conventionally been used to measure the quality and quantity of 
electric power are generally considered to be true and accurate when power is supplied to the 
load in a sinusoidal waveform and the load bears equally on each phase of the supply. The 
10 parameters that are widely used in power measurement are Active Power (P), Apparent 
Power (S), Reactive Power (Q) and Power Factor (PF). 

Active power, when integrated in time, is used for billing purposes and reflects the energy 
consumed. Power Factor in AC circuits is a convenient figure of merit representing the 
utilisation of the supplying system by consumers and is used to determine the quality of the 

15 load. Reactive Power contributes to transmission losses and is used to define the oscillation 
of energy caused by reactive elements in the load. It is an important quantity in defining the 
current carrying capacity of electrical transmission systems, in the design of consumer plants 
and equipment and is often used in the calculation of Power Factor. Apparent Power is used 
to measure the maximum demand for industrial loads and it reflects the capital investment in 

20 the supplying systems. Apparent Power is also used in power engineering to define the 
maximum ratings of electrical apparatus, and in revenue metering, it is used as a meaningful 
quantity in the general power theory of electrical networks. 

Of the above-mentioned quantities only the first, Active Power, is widely accepted as holding 
for unbalanced or non-sinusoidal situations. Reactive Power, Apparent Power and Power 
25 Factor become less valid when the supply is distorted or the load is unbalanced. 

Non-linear and unbalanced loads are widespread and have caused concerns to electricity 
suppliers, users and regulators for many years. Non-linear loads have detrimental effects on 
components of the power system, they give rise to harmonic power flows to other users of the 
supply, and they contribute to a deterioration of the supply quality. Also, load imbalance in 
30 polyphase systems reduces the performance of the distribution system, causes voltage 
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asymmetries which may be hamiful for customers' loads, and also contributes to a 
deterioration of the supply quality. In the absence of a proper system for power measurement 
for non-linear loads, various approximations and work-arounds are made. These are 
unsatisfactory from many points of view: consumers are not charged accurately, and 
equipment designers have to cope with a margin of error when their prototypes are tested, for 
example. 

The lack of a universally accepted definition of Apparent Power, for example, leads to 
inconsistencies and inaccuracies in VA demand meters used for billing purposes. Meters from 
different manufacturers (or even different models by the same manufacturer) use different 
definitions of Apparent Power. Different operating principles may also be used. Each meter 
type therefore responds differently to different types of load, and no conventional meter gives 
consistent results for all loads. Under distorted waveform conditions their readings can differ 
by several percent even for the same balanced but non-linear, load. In extreme circumstances, 
the differences may be as high as 30%. Standard engineering text books tend to skate over 
this problem, but International institutions such as the lEC, IEEE and lEE are well aware of 
it. 

Due to uncertainties in defining Reactive Power in non-sinusoidal situations, the use of 
Apparent Power is preferred in some countries for determining Power Factor. However, using 
existing standard power theory in AC circuits. Apparent Power itself cannot be defined 
20 consistently in an unbalanced three-phase system. 

There is a considerable body of literature which describes the shortcomings of the current 
approach to calculating Apparent Power, Reactive Power, and Power Factor. Examples 
notable for their clarity are: 

(1) A. Emanuel, "On the Definition of Power Factor and Apparent Power in Unbalanced 
25 Polyphase Circuits with Sinusoidal Voltage and Currents,", IEEE Trans. On Power Delivery, 

Vol. 8, No. 3, pp. 841-852, July 1993; 

(2) P. S. Filipski, Polyphase "Apparent Power - the Misleading Quantity In Non-Sinusoidal 
Power Theory: Are all Non-Sinusoidal Power Theories Doomed to Fail?," ETEP, Vol.3, 
No.l, pp. 21-26, Jan/Feb 1993; and 

2 
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(3) R. West, "The Measurement of Apparent and Reactive Power with Unbalanced Loads and 
Non-Sinusoidal Waveforms", Distribution 2000 Conference, Sydney, 1997 

These authors describe three key aspects of the problem. Firstly, that there appears to be a 
good working definition in single-phase systems, where convention gives rise to calculated 
5 quantities to which one can attribute a physical meaning. Secondly, that there is a problem in 
polyphase systems of attributing a real physical meaning to the calculated parameters in 
existing theories. Intuitive reasoning appears to fail here. TTiirdly, that the analysis of 
polyphase systems gives rise to no less than five different definitions for Apparent Power in 
three-phase systems with or without distorted waveforms. These results are often different by 
10 quite significant margins; particularly in unbalanced systems with distortion. 

A good review of previous works has been presented in the paper by West (1997). The 
problems have been reported in many technical papers in for example by West (1997), 
Filipski (1993), Emanuel (1993), and in IEEE Working Group Report, "Practical Definitions 
for Powers in Systems with Non-Sinusoidal Waveforms and Unbalanced Loads: A 
15 Discussion", IEEE PWRD, Vol. 11, pp. 79-101., but yet no acceptable solutions have been 
found. The emphasis for calculating Apparent Power is now on System (equivalent) Apparent 
Power, see the papers by West (1997), Emanuel (1993), and IEEE Working Group Report. 
Also, the quantity know as RMS Apparent Power has also been considered by some technical 
institutions. 

20 One of the main disadvantages with all the proposed methods for calculating Apparent Power 
is the fact that their results all depend on the voltage of reference point at which measurement 
is made. In single-phase circuits, the RMS values of voltage across the load and current 
through the load are clearly defined. However, in three-phase systems the Apparent Power 
should not depend on the reference voltage see paper by L, S. Czamecki, "Power Related 

25 Phenomena in Three-Phase Unbalanced Systems", IEEE PWRD, Vol. 10, pp. 1168-1176. 
This disadvantage of the conventional power measurement methods is readily apparent by the 
following example of a three-phase system. 

Considering Figure 1, in a balanced situation, points 0, N\ and N2 have zero voltage. The 
RMS values of the phase voltages measured with respect to three references are the same 
30 which in turn it implies that the Apparent Powers are equal. However, if the load is 
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unbalanced then N], N2 and 0 have different voltages. Only 0 retains zero voltage. Thus, 
Apparent Power calculated using the voltages measured with respect to 0, Nj, and N2 will be 
different. 

Now consider a three-phase load that is supplied by an ideal source (Zs=0). Assume that one 

5 of the lines, say "c", is broken (lc=0). The measured voltage for phase "c" would be different 

on the sides of the broken point. If the voltage transducer is on the source side then it is the 
source voltage and if the potential transformer is on the load side, the measured voltage is 
influenced by the current of other two lines and the load impedance. Thus, the system 
(equivalent) Apparent Power (see papers by West (1997) and IEEE Working Group Report) 
10 will be different for the load. 

One of the reasons for calculating Apparent Power is to obtain Power Factor. Consider now a 
single-phase circuit consisting of source with impedance Zg and a pure resistive load. 

Conventionally, Power Factor for this load is calculated to be unity. Assume that the above 
single-phase load is connected to a three-phase system with the same source impedance/phase 

15 as the single-phase system. For simplification of the analysis assume a perfect earthing, hence 
zero neutral impedance. Depending on the definition used different results are obtained for 
Power Factor as the calculated Apparent Powers are different. Phasor and RMS Apparent 
Powers are both equal to unity. The System Apparent Power would be less than one. Surely, 
as the full system capacity is not utilised by the load and also due to extra losses in the form 

20 of negative and zero sequence powers in the source impedance, a unity Power Factor is 
technically unacceptable. In other words, a unity Power Factor does not reflect the quality of 
the load and utilisation of the system (see papers by L. S. Czamecki and Emanuel). The 
System Apparent Power does reflect this effect of a single-phase load connected to a three- 
phase supply. However, since the load itself, and thus its quality, has not changed then one 

25 may argue that Power Factor must remain the same. It is clearly seen by the above that there 
is an inconsistency in the approach, observation and result using conventional power theory 
in AC circuits. 

It is an object of the present invention to overcome the above problems. 

The inventor has determined that the cause of the problems observed for polyphase circuits 
30 lies in the basic characterisation applied to single-phase circuits, which is flawed. Though the 
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results given for single-phase systems are acceptable in practice, the extension to polyphase 
systems strains the analysis and produces the difficulties such as misleading and inconsistent 
results which have been observed. 

The inventor has developed a novel power measurement method based on a new approach 
5 which advantageously removes the uncertainty and ambiguity from present methods of power 
measurement. The new approach applies consistently across-the-board to balanced and 
unbalanced loads, linear and non-linear loads, single-phase and polyphase supplies, to 
sinusoidal and non-sinusoidal supplies, and which is consistent for all system topologies and 
conditions, does not violate any principle of electrical engineering and can be readily 
10 implemented in practical equipment. The basis for the present invention is a complete and 
self-consistent mathematical approach covering all measurement scenarios. 

According to one aspect of the present invention, there is provided a method of measuring the 
value of an electrical power parameter, such as Apparent Power or Power Factor, of an 
electrical power signal, the method comprising: calculating a first instantaneous power 

15 component as the product of an instantaneous voltage signal of the electrical power signal 
and an instantaneous current signal of the electrical power signal; carrying out a relative 
pheise shift between the instantaneous voltage signal and the instantaneous current signal; 
calculating a second instantaneous power component as the product of the relatively phase- 
shifted instantaneous voltage and instantaneous current signals; RMS averaging each of the 

20 first and second power components to determine their respective magnitudes; and using both 
of the calculated magnitudes to determine the value of the electrical power parameter. 

One of the advantages of the present invention is that it enables consistent measurement such 
that loads can be properly characterised, so that efficient engineering action can be taken, or 
accurate pricing adjustments can be made. 

25 A utility embodying the present invention can offer accurate metering of these awkward loads 
can offer keener prices to attract the business of those customers whose loads are over- 
estimated by existing meters. It has a proper basis on which to raise its prices to customers 
whose loads have been underestimated, to reflect the true economics of supplying them. 
There are many other commercial benefits. 
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The new approach described herein redefines the nanire of Reactive Power. On that basis, a 
new definition for Apparent Power is provided which is consistent for all circuit situations 
and topologies. The new definitions satisfy the rules of electrical engineering both in time and 
fi*equency domain. 

5 In an embodiment of the present invention, a voltage signal is phase shifted by -90° to 
produce a quadrature axis voltage signal. By multiplying the original and quadrature voltages 
by a current signal, two instantaneous power signals are obtained. The former is an 
instant£meous active power component signal pp (t) and the latter is an instantaneous 
quadrature (reactive) power component signal pq (t). These signals satisfy the law of 

10 conservation of energy throughout the circuit, which implies that the sum of each of these 
instantaneous powers of different points in the circuit is zero. Reactive Power is then defined 
as the average DC-component value (mean) of the quadrature (instantaneous) power, p^(t), 

that was obtained from the product of the quadrature axis voltage and current signal. Note 
that in conventional power theory, although Reactive Power is defined as the peak of the non- 
15 energy related component of instantaneous power, it is typically measured and considered as 
an average DC-component (mean) of the instantaneous power in technical applications such 
as billing. 

According to the present invention, when the power parameter to be measured is Apparent 
Power, it is defined as the RMS value of the complex instantaneous power given by Equation 
20 (1). 

p(0=Pp(0-^iPq(0 (V 

where pp(t) is an instantaneous active power component 

/7q(t) is an instantaneous reactive power component 
This definition of Apparent Power provides a consistent result in all system conditions, from 
25 single-phase sinusoidal to unbalanced three-phase systems with distorted waveforms. This 
consistency is unobtainable in other approaches. 

In bal£mced three-phase systems with pure sinusoidal waveforms, the results obtained using 
the new approach are the same as those using conventional power theory. 

In three-phase systems, since the new power theory is based on the sum of the instantaneous 

30 powers of three phases, then the measured Apparent Power, for example, is independent of 
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the reference point voltage that is used in voltage measurement. This feature overcomes the 
conventional measurement methods problems described previously with respect to Figure 1 
and is unique when comparing with other definitions of Apparent Power cited in literature 
and standards. - - - 

5 Using conventional understanding, Reactive Power is defined as the peak value of one of the 
oscillatory components of the instantaneous power. The inventor has determined that that this 
cannot be obtained in frequency domain contrary to PlancherePs Theorem. This discrepancy 
between frequency and time domain results leads to indeterminable quantities in the time and 
frequency domains, and is attributable to the fact that present power theory does not provide 

10 any information about Reactive Power in the frequency domain. Reactive Power as defined 
by the new approach is determined in both the time and frequency domains as an imaginary 
DC value, and the method is consistent for all system topologies. 

The average (mean) values of the new instantaneous power on the real and the imaginary axes 
correspond to Active and Reactive Power respectively. Thus, in a method embodying the 
15 present invention. Reactive Power is defined and measured as a DC value and not as an 
ambiguous peak of one of the oscillatory components of instantaneous power. 

Using the method embodying the present invention to determine the Active and Reactive 
Powers, it is demonstrated later that standard circuit theories are satisfied. The treatment of 
single-phase and three-phase systems are the same except that in three-phase systems the 
20 analysis is carried out on a per phase basis, and the total instantaneous power is obtained by 
adding together the three-phase results. 

The 2-Norm, or RMS, of a signal is a measure of the size of that signal. Thus, Universal 
Apparent Power as determined by the method embodying the present invention is defined as 
the RMS of the complex instantaneous power. In three-phase balanced systems this definition 
25 leads to the standard definition of Universal Apparent Power that is three times the product of 
RMS of voltage and RMS of current. 

However, using the method embodying the present invention in single-phase and unbalanced 
three-phase systems, the Universal Apparent Power is different from conventional Apparent 
Power, although it retains its basic dimension of volt-ampere. In fact, from the new approach 
30 it can be seen that in single-phase systems the Universal Apparent Power is ^2 times the 
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RMS of voltage and current. This departure from the conventional Power Factor (which itself 
has little basis other than convention) is due to the AC components of the instantaneous 
power. In balanced three-phase systems the AC terms of the instantaneous power are 
cancelled. 

5 Universal Power Factor determined by the method embodying the present invention is then 
considered as the ratio of Active Power to Universal Apparent Power as compared to 
conventional Power Factor. This leads to a reduced value for Universal Power Factor in a 
pure resistive single-phase circuit. In fact, for such a system the Universal Power Factor 
cannot be greater than 0.707 (1/V2). This reflects the consistency in the approach. This result, 
10 though arithmetically inconvenient, is shown to have a real basis in the analysis. 

Symmetrical components have been used to analyse the new parameter definitions which are 
a feature of the present invention and a decomposition of different parameters in terms of the 
sequence components has been obtained. It is more technically acceptable for metering 
purposes that only the positive phase sequence voltage is considered in the analysis. This 
15 reflects the effects of unbalanced loads on the systems. 

Preferably, the method further comprises filtering at least one of the instantaneous voltage 
and instantaneous current signals of the electrical power signal prior to their use in the 
calculating steps. In this way, several different but related parameters can be calculated by the 
same method steps with the appropriately filtered signals. More particularly, the filtering step 
20 preferably results in the fundamental frequency of the instantaneous voltage or the 
instantaneous current being obtained. Fundamental frequency filtered voltage signals enable 
the measured power parameter to be representative of network delivered power namely the 
power taken (used) by the load from the power supply. 

It is to be appreciated that the present invention utilises at least the harmonics of one of the 
25 instantaneous voltage or the instantaneous current in combination with at least the 
fundamental frequency of the other instantaneous current or instantaneous voltage, to 
determine the power parameter. This covers three different situations namely: when one of 
the instantaneous voltage or current signals is unfiltered providing its full spectrum and the 
other is filtered; when both signals are unfiltered each providing the full frequency spectrum; 
30 and when one of the instantaneous voltage or current signals is filtered to provide its 
fundamental frequency spectrum and the other is filtered to provide its harmonic frequency 
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spectrum. There is information in the harmonics of the instantaneous voltage or the 
instantaneous current which has previously been discarded that provides a more accurate 
measure of the power parameter. 

By utilising the appropriate combination of filtered/unfiitered signals the following power 
5 parameters can be advantageously be calculated: Universal Apparent Power, Harmonic 
Apparent Power, Universal Distortion Factor, Voltage Distortion Power, Current Distortion 
Power, and Universal Power Factor. 

The method may further comprise comparing a Network Delivered Power (NDP) Parameter, 
the Harmonic Apparent Power Parameter, the Voltage Distortion Power Parameter, or the 

10 Current Distortion Power Parameter with another power parameter determined by the method 
to produce a dimensionless figure of merit representative of the waveform distortion 
produced, in the electrical power signal, by a load to which the electrical power signal is 
supplied. This is a particularly useful power parameter to measure as it provides information 
about where power supply distortion is being generated. For example, power parameters such 

15 as Voltage Distortion Factor and Current Distortion Factor can be determined. 

When the electrical power signal comprises a balanced or unbalanced multiple-phase signal, 
the method preferably further comprises resolving the multiple-phase signal into a phase 
sequence for use in establishing the effect of the load on the electric power network. The 
phase sequence may comprise a positive-phase sequence in order to obtain a measure 
20 representative of the power generated at a source of the electrical power signal. Altematively, 
the phase sequence may comprise negative and zero-phase sequences in order to obtain a 
measure representative of the power converted in the load. The method may also comprise 
using the positive, the negative and the zero-phase sequences to obtain a measure 
representative of the power used by the load. 

25 The present invention also extends to a method of measuring a power parameter such as 
Apparent Power or Power Factor, of an electrical power signal, the method comprising 
converting measured instantaneous voltage and current signals of the electrical power signal 
into the frequency domain and carrying out frequency spectrum analysis on the signals to 
derive the power parameter. 
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The method preferably further comprises: carrying out a relative phase-shift between the 
instantaneous voltage signal and the instantaneous current signal; and converting the 
relatively phase-shifted instantaneous voltage and current signals into the ft-equency domain 
for use in the frequency spectrum analysis. 

5 Altematively, the method fiirther comprises: carrying out a relative phase-shift between the 
instantaneous voltage signal and the instantaneous current signal in the frequency domain for 
use in the frequency spectrum analysis. 

The phase shift is important in order to be able to measure the imaginary (quadrature) 
component of the instantaneous power. In this way, the measurement of power quantities can 
10 be digitised and hence made significantly cheaper and more robust. The use of the frequency 
domain to calculate the power parameters also advantageously reduces the component counts 
in meters implementing the method. 

Preferably, the frequency spectrum analysis involves carrying out a first convolution of the 
frequency spectra associated with the instantaneous voltage and current signals, a second 
15 convolution of the frequency spectra associated with the phase-shifted instantaneous voltage 
and current signals, and combining the results of the first and second convolutions. 

According to another aspect of the present invention there is provided a method of measuring 
the value of an electrical power parameter, such as Apparent Power or Power Factor, of an 
electrical power signal, the method comprising: converting an instantaneous voltage signal of 

20 the electrical power signal and an instantaneous current signal of the electrical power signal 
from the time domain into the frequency domain as frequency spectra; calculating a first 
instantaneous power spectrum as the convolution of the frequency spectra of the 
instantaneous voltage signal and the instantaneous current signal; carrying out a relative 
phase shift between the instantaneous voltage signal and the instantaneous current signal in 

25 the time domain; calculating a second instantaneous power spectrum as the convolution of 
the frequency spectra of the relatively phase-shifted instantaneous voltage and current signals; 
combining each of the first and second power spectra to determine the value of the electrical 
power parameter. 

According to another aspect of the present invention, there is provided a method of measuring 
30 an electrical power parameter such as Apparent Power or Power Factor, of an electrical 
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power signal, the method comprising: filtering at least one of an instantaneous voltage signal 
or an instantaneous current signal of the electrical power signal; using the filtered 
instantaneous voltage or current signal in: calculating first and second instantaneous power 
components as the respective products of non phase-shifted/phase-shifted, instantaneous 
5 voltage and instantaneous current signals; RMS averaging each of the first and second 
instantaneous power components to determine their respective magnitudes; and using the 
calculated magnitudes to determine the value of the electrical power parameter. 

In another aspect, the present invention provides a method of measuring a power quantity 
such as Apparent Power or -Power Factor, of a multiple-phase electrical power signal, the 

10 method comprising: resolving the multiple-phase signal into a phase sequence for use in 
establishing the effect on the electrical power signal of a load to which the electrical power 
signal is supplied; using the phase sequence in: calculating first and second instantaneous 
power components as the respective products of non phase-shlfted/phase-shifted, 
instantaneous voltage and instantaneous current signals; and RMS averaging each of the first 

15 and second power components to determine their respective magnitudes; and using the 
calculated magnitudes to determine the value of the electrical power parameter. 

The present invention extends to an electrical power meter for measuring the value of an 
electrical power parameter, such as Apparent Power or Power Factor, of an electrical power 
signal, the meter comprising: means for calculating a first instantaneous power component as 

20 the product of an instantaneous voltage signal of the electrical power signal and an 
instantaneous current signal of the electrical power signal; means for implementing a relative 
phase shift between the instantaneous voltage signal and the instantaneous current signal; 
means for calculating a second instantaneous power component as the product of the 
relatively phase-shifted instantaneous voltage and instantaneous current signals; mean for 

25 RMS averaging each of the first and second power components to determine their respective 
magnitudes; and means for using the calculated magnitudes to determine the value of the 
electrical power parameter. 

Presently preferred embodiments of the present invention will now be described by way of 
example with reference to the accompanying drawings. In the drawings: 

30 Figure 1 is a schematic circuit diagram showing a conventional three-phase system with 
different reference points for voltage measurement; 
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Figure 2 is a schematic block diagram of a power measurement meter implementing a method 
of a first embodiment of the present invention; 

Figure 3 is a flow diagram showing the steps involved in the implementation of the method of 
the first embodiment of the present invention; 

5 Figure 4 is a graphical representation of an instantaneous power waveform shoving the 
different averaging techniques used in the first embodiment of the present invention; 

Figure 5 is a schematic block diagram of a power measurement meter implementing a method 
of a second embodiment of the present invention; 

Figure 6 is a flow diagram showing the steps involved in the implementation of the method of 
10 the second embodiment of the present invention; 

Figures 7a and 7b are diagrammatic representations of the frequency spectra of voltage and 
current for the single-phase AC power circuit; 

Figure 8 is a diagrammatic representation of the frequency spectrum of an active component 
(Pp(f)) of the instantaneous power of the single-phase AC power circuit; 

15 Figure 9 is a phasor diagram of the frequency spectrum of the complex instantaneous power 
of the single-phase AC power circuit; 

Figure 10 is a schematic circuit diagram of a three-phase source and load circuit showing the 
flow of instantaneous power components with balanced and unbalanced loads; 

Figure 1 1 is a phasor diagram of the frequency spectrum of the instantaneous power of a non- 
20 sinusoidal three-phase AC power circuit; 

Referring now to Figure 2, there is shown a power measurement meter 1 which is used in 
carrying out a method of a preferred embodiment of the present invention. The power 
measurement meter 1 of this embodiment operates in the time- varying domain. 

The power measurement meter 1 measures instantaneous voltage and current of a single- 
25 phase or three-phase electrical power supply system 2. From these measurements, the meter 
calculates the following power parameters: Universal Apparent Power, Fundamental 
Apparent Power, Harmonic Apparent Power, Universal Power Factor, Active Power, 
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Reactive Power, Energy Consumption, Voltage Distortion Factor, Current Distortion Factor 
and Universal Distortion Factor. 

The electronic circuit of the meter 1 essentially comprises five different stages namely, a 
signal conversion stage 4, a switchable filtering stage 6, a combining stage 8, an averaging 
5 stage 10 and a power parameter calculation and display stage 12. 

Taking each of these stages in turn, the conversion stage 3 of the electronic circuit comprises 
a step-down voltage interface 14 and a current-to- voltage converter 16. One side of the step- 
down voltage interface 14 is connected directly to the power supply system 2 being measured 
and the other side provides scaled down voltage signals Vva,Vvb,Vvc representative of the 
10 magnitudes of voltage of the power supply system 2. Similarly, one side of the current-to- 
voltage converter 16 is connected directly to the power supply system 2 and the other side 
provides voltage signals Via,Vib,Vic representative of the magnitudes of current of the power 
supply system 2. These outputs from the step-down voltage interface 14 and the current-to- 
voltage converter 16 are passed to the switchable filtering stage 6. 

15 The switchable filtering stage 6 comprises two sets of fundamental-frequency component 
filters 18,20 and two sets of harmonic filters 22,24. A fundamental-frequency component 
filter 18,20 and a set of harmonic frequency filters 22,24 are provided for the outputs of each 
of the step-down voltage interface 14 and the voltage-to-current converter 16. In addition, 
four user-controllable switches SW1,SW2,SW3,SW4 are provided for enabling selection of 

20 the appropriate set of filters or for allowing the outputs of the conversion stage 4 to bypass 
the filters altogether. The filter stage 6 has two outputs 26,28, the first output 26 is the signal 
representing the power supply voltage, the second output 28 is the signal representing the 
power supply current. 

The filtering stage 6 also comprises, for the signal representing the power supply voltage, a 
25 positive phase sequence (PPS) calculation unit 30 which is arranged to receive the output of 
the fundamental-frequency component filter 18. The PPS calculation circuit 30 is arranged to 
convert an unbalanced three-phase signal into a positive phase sequence of balanced 
components. This type of unit 30 is well known in the art and the details of its operation are 
not therefore provided. The output of the PPS calculation unit 30 is coupled to the first output 
30 26 of the filtering stage 6 and can provide one of the possible outputs. 
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The user-selected outputs 26,28 of the filtering stage 6 provide the inputs for the combining 
stage 8 of the circuit. More particularly. The combining stage 8 comprises an active 
component muhiplier unit 32 and a reactive component multiplier unit 34 which each act to 
multiply together ,two- different supplied signals input from the filtering stage 6. The active 
5 component multiplier unit 32 receives an input directly from each the above mentioned first 
and second outputs 26,28 of the filtering stage 6. However, the reactive component multiplier 
unit 34 only receives the second output 28 directly from the filtering stage 6. The first output 
26 is modified by passing it through a -90** phase shifting unit 36 before being input to the 
reactive component muhiplier unit 34. 

10 The two outputs 38,40 of the multiplying stage 8, which respectively represent the active and 
reactive power components of the instantaneous power of the power supply system 2, are 
next processed by the averaging stage 10. The averaging stage 10 comprises an active RMS 
calculation unit 42 and a reactive RMS calculation unit 44 which are supplied with the 
outputs 38,40 of the active component multiplier unit 32 (pp(t)) and the reactive component 

15 multiplier 34 (pqii)) respectively. In addition, the averaging stage 10 has an active mean 
signal calculation unit 46 which is supplied with the output 38 of the active component 
multiplier unit 32, and a reactive mean signal calculation unit 48 which is supplied with the 
output 40 of the reactive component multiplier unit 34. The outputs of these RMS calculation 
units 42,44 and mean signal calculation units 46,48 are provided to the power parameter 

20 calculation and display stage 12. 

The reactive mean signal calculation unit 48 simply calculates the mean of the reactive 
component (pq(t)) of the instantaneous power of the electrical power supply system 2. The 
output of the reactive mean signal calculation unit 48, which represents the Reactive Power 
(Q) of the electrical power supply system 2, is supplied directly to a gain adjustment and 
25 display unit 50 where it can be displayed as a measured value to the meter user. Gain 
adjustment is required to normalise measured values for display and to compensate for the 
differences in the results for the measurement of a three-phase or a single-phase electrical 
power supply, for example. 

Similarly, the active mean signal calculation unit 46 calculates the mean of the active 
30 component (Pp(t)) of the instantaneous power of the electrical power supply system 2. The 
output of the active mean signal calculation unit 46 represents the Active Power (P) of the 
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electrical power supply system 2 and this is also supplied directly to the gain adjustment and 
display unit 50 for display. 

The measured Active Power (P) is also supplied to an energy consumption measurement unit 
52. Here the measured Active Power is integrated over a given time period and the result is 
5 the energy consumption over that time period. The energy consumption measurement imit 52 
outputs its result to the gain adjustment and display imit 50 for display. 

The active RMS calculation unit 42 and the reactive RMS calculation unit 44 calculate the 
RMS values of the active and reactive components of the instantaneous power (pp(t) and 
/7q(t)) respectively. The outputs of each of these RMS calculation units 42,44 is supplied to a 

10 Universal Apparent Power calculation unit 54. This unit 54 is arranged to calculate the 
Universal Apparent Power, the Fundamental Apparent Power or the Harmonic Apparent 
Power of the power supply in dependence upon the filter selection in the switchable filtering 
stage 6. More specifically, when none of the outputs of the step-down voltage interface 14 
and the voitage-to-current converter 16 are filtered, the RMS values are geometrically 

15 summed in this unit 54 to calculate the Universal Apparent Power (S), namely, the Universal 
Apparent Power is the root of the sum of the squares of the RMS values. When both of the 
outputs of the step-down voltage interface 14 and the voltage-to-current converter 16 are 
filtered by the harmonic frequency component filters 22,24 the unit calculates the Harmonic 
Apparent Power. 

20 These calculated values for Universal Apparent Power and the Harmonic Apparent Power are 
output to the gain adjustment and display unit 50 for display. A further output is supplied to a 
memory unit 56 which stores the Universal Apparent Power or the Harmonic Apparent Power 
for subsequent use with a Universal Distortion Factor calculation unit 58. 

The output of each of these RMS calculation units 42,44 is also supplied to the Universal 
25 Distortion Factor calculation unit 58. A further input is taken firom the memory unit 56. The 
Universal Distortion Factor calculation unit 58 is arranged to calculate, in dependence upon 
the configuration of the switchable filtering stage 6, the Universal Distortion Power, the 
Current Distortion Factor or the Voltage Distortion Factor. These factors are dimensionless 
figiues of merit which are ratios of Apparent Power and distortion power. More particularly, 
30 when the output of the step-down voltage interface 14 is filtered by the fundamental 
frequency component filter 18, and the output of the voltage-to-current converter 16 is 
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filtered by the harmonic frequency component filters 24, the Current Distortion Factor is 
calculated. However, when the output of the step-down voltage interface 14 is filtered by the 
harmonic frequency component filters 24, and the output of the voltage-to-current converter 
1 6 is filtered by the fundamental frequency component filter 20, the Voltage Distortion Factor 
5 is calculated. 

The calculation of any of these Distortion Factors is a four-stage process which involves: 
firstly, calculating the Universal Apparent Power using a particular filter selection; secondly, 
storing the calculated value in the memory unit 56; thirdly, calculating the selected Distortion 
Power using a particular filter setting; and finally, calculating the ratio of the Distortion 
10 Power to the Universal Apparent Power. The output of the Universal Distortion Factor 
calculation unit 58 is supplied to the gain adjustment and display unit 50 for display to the 
user. 

It is to be appreciated that whilst the outputs of the active and reactive RMS calculation units 
42,44 have in themselves no significant meaning within the electrical power supply itself, 
15 they have great importance when they are used in the detemniination of the value of a desired 
power parameter. In the present case, these outputs are processed directly by the Universal 
Apparent Power calculation unit 54 and the Universal Distortion Factor unit 58, 

The Universal Apparent Power value is also supplied to a Universal Power Factor calculation 
unit 60 together with the Active Power output (P) of the active mean signal calculation imit. 
20 The Universal Power Factor is calculated as the ratio of the measured Active Power to the 
measured Universal Apparent Power, namely P/S. This calculated value for Universal Power 
Factor is output to the gain adjustment and display unit 50 for display. 

The selection of the appropriate switches (not all shown) on the meter allows the user to 
select the quantity to be measured and displayed. 

25 Referring now to Figure 3, a method of measuring the value of a power parameter using the 
meter 1 of Figure 2 is now described. For the sake of convenience, the following description 
will assume that a three-phase AC power signal is being sensed, though the method is also 
applicable to a single-phase AC signal. 

The method commences at 100 with the voltage Va,Vb,Vc and current iaJbJc of the power signal 
30 being sensed. The step-down voltage interface 14 scales down the sensed voltage range at 
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102 to voltage signals Vva,Vvb,Vvc within a smaller predetermined acceptable voltage range for 
the circuit. Similarly, the current-to-voitage converter 16 transforms at 102 the sensed current 
signals iaJbJc into voltage signals Via,Vib,Vjc such that they are of same voltage magnitude 
range as that produced by the step-down voltage interface 14. Typically, the voltages are 
5 stepped down from 110 Volts to a range of ±10 Volts. The magnitude of the sensed current is 
also converted to a range of ±10 Volts. 

The position of the filter switch SWl deteraiines at 104 whether or not the quantity being 
measured relates to network delivered power. In one position, where the quantity does relate 
to network delivered power, the voltages signals Vva,Vvb,Vvc are filtered by the fundamental 
10 frequency component filter 18 at 106. Following this, the filtered voltage signals Vva,Vvb,Vvc 
are passed to the PPS calculation unit 30 where the positive phase sequence is extracted at 
108. 

In the other position, where the quantity does not relate to network delivered power, the 
voltage signals Vva,Vvb,Vvc are passed onto the switch SW2 which determines at 1 10 whether or 
15 not a distortion power calculation is to be carried out. If distortion power is to be calculated, 
the switch SW2 directs the voltage signals Vva,Vvb,Vvc to the harmonics filters 22 where the 
voltage signals Vva,Vvb,Vvc are filtered at 1 12 to extract the harmonics of the signals. Otherwise, 
the voltage signals Vva,Vvb,Vvc are not filtered. 

The resultant voltage signals Vva,Vvb,Vvc from the PPS extraction at 108, the filtering at 1 12, or 
20 the non-filtering at 110, form the first output 26 of the switchable filtering stage 6. This first 
output 26 is passed directly to the instantaneous power calculation at 114 where the active 
component of instantaneous power Pp(t) and the reactive component of instantaneous power 
/7q(t) are calculated. In addition, the first output 26 is shifted at 1 16 by a -90° phase shift and 
then passed on for the instantaneous power calculation at 1 14. 

25 On the current sensing side of the procedure, the voltage signals Via,Vib,Vic representative of the 
current of the power supply system 2 are determined at the signal scaling step at 102 of the 
procedure. These voltage signals Via,Vib,Vic are then processed by the switchable filter stage 6 
where the position of the filter switches SW3, SW4 determine at 118 whether or not a 
distortion power calculation is to be carried out. If distortion power is to be calculated, the 

30 switches SW3 and SW4 direct the voltage signals Via,Vib,Vic to the harmonics filters 24 where 
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the voltage signals Via,Vib,Vic are filtered at 120 to extract the harmonics of the signals. 
Otherwise, the voltage signals Via,Vib,Vic are not filtered. 

The resultant voltage signals Via,Vib,Vic firom the filtering at 120, or the non-filtering at 118, 
form the second output 28 of the switchable filtering stage 6. This second output 28 is passed 
directly to the combining stage 8 where the instantaneous power calculation at 1 14 calculates 
the active component of instantaneous power pp(t) and the reactive component of 
instantaneous power />q(t). The relationship between the active and reactive components to 
the instantaneous power for a single-phase power supply has previously been stated in 
Equation 1 . In three-phase the equivalent is given below: 



An equation representing the processing carried out on the voltage signals to determine at 1 14 
the active and reactive components is given below: 



where: Vpa(t) = instantaneous voltage of phase a 
^pb(t) = instantaneous voltage of phase b 
Vpc(t) = instantaneous voltage of phase c 
Vqa(t) = instantaneous phase-shifted voltage of phase a 
^^qbCt) = instantaneous phase-shifted voltage of phase b 
Vqc(t) = instantaneous phase-shifted voltage of phase c 
/a (t) = instantaneous current of phase a 
/b (t) = instantaneous current of phase b 
'c (t) = instantaneous current of phase c 

The two outputs 38,40 of the combining stage 8, representing the active and reactive 
components of the instantaneous power of the power supply, are subject to a mean signal 
calculation at 122 which determines the values for Active Power (P) and Reactive Power (Q) 
of the electrical power supply system 2. These power parameters (P and Q) are then gain 
adjusted and displayed to the meter user at 124. In addition, the Active Power is integrated at 




where /?(t) = total complex instantaneous power 



/?a(t) = complex instantaneous power of phase a = (vpa -f jz;^^ h^Pp^ jPqa 
Pbit) = complex instantaneous power of phase b = (vpb -^ jv^O 4~Ppb jPqb 
/?c(t) = complex instantaneous power of phase c = (vpc + j'^^J = ppc + j/^qc 



PpO) = (three-phase version) = Vpa /a + Vpb h + Vpc /c 
Pq(t) = (Three phase version) = Vqa /a + Vqb ib + Vqc /c 



(3) 
(4) 
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126 to determine the energy consumption of the electrical power supply system 2. The thus 
determined energy consumption parameter is gain adjusted and displayed to the meter user at 
124. 

The active and reactive components of the instantaneous power of the power supply, are also 
5 supplied to the averaging stage 10 where an RMS calculation at 128 on each of the active and 
reactive power components is carried out. The following equations represent the processing at 
this stage: 

RMS [pp(t)] = (three phase) - || pp(t) || = V{ 1/T [ p^(i)f dt ) (5) 
10 RMS [pq(t)] = (three phase) = || p^X) \\^^{\ni^ [Pq(t)]^ dt } (6) 

0 

where: pp and p^ are as in equations (3) and (4) 

The RMS calculations of each of the active and reactive power components are used to 
15 determine at 130 the Universal Apparent Power of the electrical power supply. This involves 
determining the root of the summation of the squares of the instantaneous power components 
as is set out below: 

S = v/[||;?p(t)P+IWt)lP] (7) 

This power parameter (S) is then gain adjusted and displayed to the meter user at 124. In 
20 addition the Universal Apparent Power determined described above is used in the calculation 
of Universal Power Factor at 132 as a ratio of Active Power (P) to Universal Apparent Power 
(S). Furthermore, using the four-stage process described earlier but not shown in Figure 3, the 
Universal Apparent Power is also stored in the memory unit 56 and used to determine at 134 
the new quantity called Universal Distortion Factor. Both the Universal Power Factor and the 
25 Universal Distortion Factor are gain adjusted and displayed to the meter user at 124. 

As has been described previously, the particular value of a power parameter determined by 
the Universal Apparent Power calculation at 130, by the Universal Power Factor calculation 
at 132, or by the Universal Distortion Factor calculation at 134, is dependent on the selected 
arrangement of the switchable filtering stage 6. Therefore, even though not shown on Figure 
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3, Other related power parameters can be calculated at steps 130, 132 and 134, by simply 
selecting the appropriate combination of filtering at the switchable filtering stage 6. 

It is worth appreciating the difference between the two different types of averaging carried 
out at the averaging stage 10. The difference is clearly illustrated with reference to Figure 4 of 
5 the accompanying drawings. Here an instantaneous power signal p(t) 150 in the form of a 
sine wave is shown. The mean value 152 of the signal 150, is the DC offset 152 about which 
the signal is oscillating symmetrically and this is shown to have a value of 1.0 on the VA 
scale. The RMS value 154 of the signal 150, can be seen to be greater than the mean value 
152. This is because of the positive contribution made by the oscillatory component of the 
10 signal to the RMS calculation. 

The above meter 1 can be readily implemented in both the digital and analogue domains. 
Also, whilst the above meter has been described as comprising of a plurality of processing 
units, it is possible for them to be replaced by a single processing unit which carries out all of 
the desired fimctions. The most practical example of this is for the single processing unit to 
15 be a microprocessor rurming a program implementing the desired functions by way of an 
algorithm. For example, the meter 1 could be implemented in an ASIC (Application Specific 
Integrated Circuit) in order to reduce component costs with the output of the signal 
conversion stage 4 being digitised before processing by the other stages. 

The above method of the present invention has been tested through use of a computer 
20 simulation to determine how its measurements compare to those of conventional power 
measurement methods. This has been carried out under two general conditions: firstly for 
balanced and unbalanced linear loads; and secondly, for balanced and unbalanced non-linear 
loads. The simulation analysis has been carried using ElectroMagnetic Transient Programme 
(EMPT) which is a universally accepted softwsu'e program for power system simulation. 

25 Referring to Table 1 , simulation results are given for balanced/unbalanced linear loads. The 
results show Universal Apparent Power and Universal Power Factor ('UAP' and 'UF') using 
the method embodying the present invention, and conventional Arithmetic 'RMS' and 
System definitions of Apparent Power and Power Factor. 

In the case of a three-phase balanced load with sinusoidal waveforms (Tests A and B), the 
30 three methods used give identical results, as expected. No values are quoted for the NDP 
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(Network Delivered Power) RMS Apparent Power and Power Factor because they are not 
defined in the RMS convention. 

It is to be noted that in the extremely unbalanced situation illustrated in test G, the load PPS 
Reactive Power is 97.3 VAr where the load is a pure resistance. This is equal to the Reactive 
5 Power demanded by the source negative and zero phase sequence (NPS, ZPS) impedances. 
The load converts, in this situation, all of the PPS Reactive Power into NPS and ZPS 
Reactive Power which is injected back to the system to be used by the source impedance. 

The results obtained by the three methods are different in the case of unbalanced loads, again 
in line with expectation. 

10 Referring to Table 2, simulation results are given for non-linear loads in balanced and non- 
balanced conditions. The results show Universal Apparent Power and Universal Power Factor 
('UAP' and 'UF') using the method embodying the present invention, and conventional RMS 
and System definitions of Apparent Power and Power Factor. 

In this case, the EMTP simulation package was used to model a three-phase, phase controlled 
15 thyristor system. This simulation allows different, non-linear load conditions to be tested. 

Tests H, M, T and Y are similar to tests A and B shown in Table 1 . In these cases, a balanced 
load is used, and the thyristor firing angle is zero, resulting in an undistorted waveform. The 
other tests were carried out with firing angles of 12^ and 144° to give strong harmonic content 
to the voltage and current waveforms. In these circumstances, the three methods give 
20 different results. Generally speaking, the RMS and System Apparent Powers give similar 
results for a balanced load that is supplied with distorted or sinusoidal waveforms. This can 
also be analytically proved to be true. The difference between these two definitions is 
particularly clear when the load is unbalanced. 

With all three methods, Power Factor and UF reduces as the firing angle increases. 

25 Sub-sets of the tests involved evaluating the effect of different earthing arrangements. An 
artificial reference point was realised by connecting a star of high-value resistors in parallel 
with load. The star point of this combination was used as the reference point for voltage 
measurement. 
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In cases where only the System Apparent Power has been specified and other power 
quantities have been designated as blank. Active and Reactive Power cannot be deduced from 
the vohages and currents used in Apparent Power calculation. 

Referring now to Figiu-e 5, there is shown a power measurement meter 201 which is used in 
5 carrying out a method of another preferred embodiment of the present invention. The power 
measurement meter 201 of this embodiment operates in the frequency-varying domain and 
will be referred hereinafter as the FD meter 201 . 

The FD meter 201 is arranged to implement a method which is equivalent to that of the first 
embodiment, but in the frequency domain. The resultant measurements of power quantities 

10 (parameters) from the FD meter 201 are equivalent to that of the time-domain power meter 1 
of the first embodiment. There are similarities between the two embodiments (c.f. Figures 2 
and 5) and to avoid urmecessary repetition, the following description of the FD meter 201 is 
directed to those differences. Where components of the FD meter 201 are identical those of 
the time-domain power meter 1, the same reference numerals with a constant prefix (of '2') 

15 have been used to label those components. 

The electronic circuit of the FD meter 201 comprises five different stages namely, a signal 
conversion stage 204, a signal transform stage 205, a switchable filtering stage 206, a 
combining stage 209, and a power parameter calculation and display stage 213. The signal 
conversion stage 204 and the switchable filtering stage 206 are identical in function to those 
20 of the first embodiment and so will not be described further. 

The outputs of the conversion stage 204, namely the voltage signals Vva,Vvb,Vvc and Vja,Vib,Vic 
are converted into the frequency domain at the signal transform stage 205 by two Fourier 
Transform units 207,211. These transform units 207,211 are well understood in the art for 
performing a standard transformation into the frequency domain and as such, no further 
25 description of their function is required. The outputs of the two Fourier Transform units 
207,21 1, which are each in the form of a frequency spectrum, are supplied as inputs to the 
switchable filtering stage 206. 

The user-selected outputs 226,228 of the filtering stage 206 provide the inputs for the 
combining stage 209 of the circuit. More particularly, the combining stage 209 comprises a 
30 power spectra calculation unit 215 which acts to convolve three different inputs together to 
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form a first and a second component instantaneous power spectra. The power spectra 
calculation unit 215 receives an input directly from each the above mentioned first and 
second outputs 226,228 of the filtering stage 206. These two signals are convolved into a first 
component instantaneous power spectrum 219. 

5 The combining stage 209 receives a fiirther input which is the first output 226 of the filtering 
stage 206 modified by passing it through a -90° phase-shifting unit 236. This phase-shifted 
signal is convolved with the second output 228 of the filtering stage 206 into a second 
component instantaneous power spectrum 221. The process of convolution is well understood 
in the art and so requires no further explanation. 

10 The first and second component instantaneous power spectra 219,221 are output from the 
combining stage 209 and supplied to the power psirameter calculation and display stage 213. 
Here, the various power parameters can be determined relatively simply from the various 
components of the instantaneous power spectra 219,221 as is described below. 

The power parameter calculation and display stage 213 comprises an Active Power 
15 calculation unit 241 to which the first component instantaneous power spectrum 219 is 
supplied. The Active Power is simply calculated as the DC component of the first component 
instantaneous power spectrum 219. Similarly, a Reactive Power calculation unit 243 is 
provided to which the second component instantaneous power spectrum 221 is supplied. The 
Reactive Power is simply calculated as the DC component of the second component 
20 instantaneous power spectrum 22 1 . 

The Universal Apparent Power is measured at the Universal Apparent Power calculation unit 
245 by combining the first and second component power spectra 219,221. More specifically, 
the Universal Apparent Power is determined by calculating the square root of the sum of the 
squares of the frequency components of the first and second component power spectra 
25 219,221. 

The remaining parts of the power parameter calculation and display stage 213 are almost 
identical to those of the previous embodiment and accordingly no fiirther description of the 
function of these units is given. However, one minor difference is that the Universal 
Distortion Factor calculation unit 247 receives the first and second component power spectra 
30 219,221 as inputs. 
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It is to be appreciated that the desired power quantities can be derived from the first and 
second calculated power spectra 219,221 without the need for an averaging stage 10 as is 
needed in time-domain calculations of the previous embodiment. This advantageously 
reduces component cost and circuit complexity. Furthermore, the electronic circuit of a FD 
5 meter 201 is far more readily implemented as a digital device than the electronic circuit of a 
time-domain meter. 

Referring now to Figure 6, a method of measuring the value of a power parameter using the 
FD meter 201 of Figure 5 is now described. As in the previous embodiment, the following 
description will assume that a three-phase AC power signal is being sensed, though the 
10 method is also applicable to a single-phase AC signal. 

The method of measuring an electric power parameter using the above described FD meter is 
equivalent to that of the first embodiment, but in the frequency domain. There are a 
significant number of common procedural steps between the two embodiments (c.f. Figures 3 
and 6) and to avoid unnecessary repetition, the following description of the frequency domain 
15 power parameter measurement will only briefly mention the similarities. Where components 
of the FD meter 201 are identical those of the time-domain power meter 1, the same reference 
numerals with replacement prefix (of '3') have been used to label those components. 

The method commences at 300 with the voltage Va,Vb,Vc and current /a,/b»'c of the power signal 
being sensed. These signals are scaled down at 302 to voltage signals VvajVvb^^vc ^d Via,Vib,V|c 
20 respectively. Then a frequency-domain representation (a frequency spectrum) of each of these 
voltage signals Vva,Vvb,Vvc and Via,Vib,Vic is obtained by performing at 303 a Fourier transform 
on each of the voltage signals Vva,Vvb,Vvc and Via,Vib,Vic. 

The frequency spectrum of the voltage signals Vva,Vvb,Vvc is then filtered at 306 to extract its 
fundamental frequency component and subsequently a positive phase sequence is extracted at 
25 308 if the network delivered power is being measured at 304. Otherwise, if a distortion power 
calculation is required at 310, the frequency spectmm of the voltage signals Vva,Vvb,Vvc is then 
filtered at 312 to extract its harmonic voltages. The outputs of the PPS extraction at 308, the 
harmonic filtering at 312 and the non-filtered spectra determined at 310 together provide the 
first output 226 of the filtering stage 206. 
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This first output 226 is then divided into two spectra, one which is phase shifted by -90° to 
give a quadrature representation of the voltage signal Vva,Vvb,Vvc and the other which is not 
phase shifted at all. 

The frequency spectrum of the current related voltage signals Via,Vib,Vic are, if a distortion 
5 power calculation is required at 318, filtered at 320 to extract its harmonic voltages. This 
provides the second output 228 of the filtering stage 206. 

The spectrum of the second output 228 and the two divided spectra of the first output 226 are 
processed in a power spectrum calculation at 315. Here the fi-equency spectra of the non- 
phase shifted first output 226 and the second output 228 are convoluted together to form the 
10 active component power spectrum 219. Also the fi-equency spectrum of the second output 
228 and the frequency spectrum of the phase-shifted first output 226 are convoluted together 
at 3 15 to form the reactive component power spectrum 221 . 

Both of the active and reactive component power spectra 219,221 are forwarded to the power 
parameter calculation and display stage 213. Here, the Active Power is calculated at 323 as 

15 the DC component of the active component power spectrum 219. In addition, the Reactive 
Power is calculated at 329 as the DC component of the reactive component power spectrum 
221. The Universal Apparent Power is simply calculated at 331 as the geometric sum of the 
magnitudes of all the power spectra components, namely by calculating the root of the sum of 
the squares of each of the elements of the active and reactive component power spectra 

20 219,221. 

The Universal Distortion Factor is calculated at 335 by considering both the active and 
reactive component power spectra 219,221 and the Universal Apparent Power stored in the 
memory unit 256 (not shown in Figure 6).The calculation of Universal Power Factor at 332 
and the Energy Consumption at 326 is equivalent to that described in the previous 
25 embodiment. Similarly, the gain adjustment and display at 324 is no different to that 
previously described. 

In the frequency domain the spectrums of the active and reactive components of 
instantaneous power (Pp(f), Pq(0) determined by the followring equations: 

Pp(0 Vpa (0 * la (f) + Vpb (f) * lb (f) + Vpc (0 * Ic (0 
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Pq(f) = (f) * la (0 + V,,b (f) Mb (0 + (f) * Ic (0 

Where * = convolution of the signals. 

Vpa (0 = original voltage spectrum of phase a 
Vpb (f) = original voltage spectrum of phase b 
Vpc (f) ~ original voltage spectrum of phase c 
la (f) = original current spectrum of phase a 
lb (f) = original current spectrum of phase b 
Ic (f) = original current spectrum of phase c 

In both of the above described embodiments, the output of the fundamental frequency 
component filter 18,218 always is supplied to the PPS calculation unit 30,230. It should be 
noted that when the three-phase power supply is balanced or only a single-phase power 
supply is being monitored, there is no need for a positive phase sequence. In these cases, the 
output of the PPS calculation unit 30,230 will make virtually no difference to the result. In 
the case of a single-phase supply, the value obtained as the first output 26,226 of the filtering 
stage 6,206 will need to be multiplied by three times to give the correct value. However, as 
this is a constant value, the gain adjustment step 124,324 at the very end of the process can 
compensate for this difference. This could for example be programmed into an algorithm 
such that the compensation was automatic. 

It is to be appreciated that, whilst a phase shift is carried out on only the voltage signal to 
produce the -90** phase shift, it is possible to carry out a phase shift of the current signal to 
produce the same effect. This can be extended to a situation where both the voltage and 
current signals could each be phase shifted by amounts which result in the effective (relative) 
phase shift being equivalent to the -90° carried out in the above-described embodiments. 

The present invention is based on a novel appreciation of the definitions of electric power 
parameters. These definitions are the subject of complex mathematical analysis which is 
necessary to explain the characteristics of single-phase and multiphase power distribution. In 
order to better understand the new theories underlying the present invention, three papers 
authored by the inventor are now presented. 
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A NEW CONCEPT IN AC POWER THEORY 
Part One: Single and Three Phase Systems 



F. Ghassemi, MIEE, MIEEE 
99A Fortess Road, London NW5 I AG, England 
Email: f2nghasse1ni@compuserve.com 



ABSTRACT In this paper a new definition of apparent power in single and three phase systems is presented. The 
technique is based on the instantaneous power, which satisfies the taw of conservation of energy. In this technique the 
reactive power is determined as a dc imaginary component of the instantaneous power. The apparent power is defined as 
the rms or Z-Norm of the instantaneous power. The technique satisfies the PlancherePs theorem both in time and 
frequency domain. It will be shown that the power factor can only be made to unit>- in a 3-phase balanced system if the 
new definition of apparent power is used. 

KEYWORD Power theory. Apparent Power, Power Factor 

1-fNTRODUCTtON 

The definition of power in ac circuits has been a subject of research and investigation for many years. Although the 
definition of active power has widely been accepted, there is a continuous controversy on the definition of the 
apparent power (AP), reactive power, and power factor (pO in three phase systems and circuits with distorted 
waveforms [I. 2. 3]. The problems are well established and have been reporxed in many technical papers [I. 2, 3, 4], 
but yet no acceptable solutions have been found. In recent years, there have been reports on new methods for 
calculating and measuring the AP in three phase systems. However, all of these methods have their shortcomings 
and are not totally accepted by the academia and industry. 

The method reported and used in [3] and [4] utilises the equivalent voltage and current for three phase systems to 
calculate the AP. This has the main disadvantage that the outcome depends on the reference voltage. Also the 
physical bases of the core of the theory which is the assumption that reactive power is purely the magnitude of one 
of the oscillatory component of the instantaneous power and the AP is only related to the losses of the system, has 
not been totally accepted [5]. 

For example, by considering the figure in the discussion section of reference [3] (second discusser), one can see that 
the value of the apparent power as defined in the paper depends on the point of voltage measurement for the broken 
line. The AP would be different if the voltage is taken from the load side of the broken point to the case when the 
voltage is taken from the source side. Therefore, it is clearly evident that the value of the AP as defined in reference 
(3) and [4] may not be unique for a given load. 

In this report, first a single-phase system is considered and the power theory in time and frequency domain is 
investigated and a new technique is proposed. The proposed method for calculating the AP and hence pf is then 
e.xtended to three-phase systems. Throughout this work the focus has been on the instantaneous power (IP), since the 
law of ''conservation of energy" is satisfied by this power in an ac system [6]. Also, as has been discussed in 
reference [7], unlike the current calculation in the frequency domain, the present power theory in electrical 
engineering has the shortcoming that the time domain analysis does not fully agree with the frequency domain 
calculation [7]. This feature of the proposed method will also be addressed. 

2-SINGLE PHASE SYSTEMS 

Equation (I) and (2) respectively give the voltage across and current in impedance Z=l Zl Ztp in a single-phase 
circuit. 

v(/)=: Vcos(fD,i + a) (I J 

/(0 = icos(ca,t + p) (2) 

It is clear that: <p=ZZ=a - P (3) 
The instantaneous power. p{i) is defined as follows: 

PpfO = v(Oi(0 = ^cos(a -P) + ^cos(2a),t + a + P) (•*) 
Equation (4) can be rearranged as (5) and its average is given by Equation (6). 

Pf.{t) = v(/)/(0 = P + Pcos(2o),t + 2P) - Osin(2aj,t + 2P) (5) 

P = JrJoV(rMOdt = -^cos(p (6) 
where T is the period of the signals. The standard active and reactive powers are defined as given by (7. a) and (7.b). 

P=^cost;)= Vlcoit? (7.a) 

Q = ^sintp= VUini;) (7.b) 
V and I are the rnis values of voltage and current respectively. 
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Note mat tne reactive power is aerineti as the magnitude of one of the oscillatory components. The AP is defined as 
the product of the rms values of voltage and current as shown beiow; 



S = VI = 7( VIcos<p)2 + (Vlsinp)^ = ^j?^ + (8) 
Equation (8) is the standard relationship between the AP and the active and reactive powers that has been used for 
many years. 

Using the Schwarz inequality the following relationship exists between any two signals [8]: 

[|/.^(/)y(Odt|y i i^xit fdi .l^y{i)(6i (9) 

For generalisation of the relationship the magnitude of signals have been considered to include complex signals [8]. 
By inspection it can be seen that the left-hand side (L.H.S) is equal to the average power and right hand side (R.H.S) 
is equal to the product of the squared of the rms values of voltage and current. Thus: 

(Vicoscp)-^V-I- (10) 
The inequality becomes equality when the angle between voltage and current, (p, is zero. It will be shown in the 
following section that the reactive power considered as in (5) cannot be determined in frequency domain. 

3-POVVER DEFINITION IN FREQUENCY DOMAIN 
In two ways the frequency domain spectrum of power relationship, Equation (4), can be obtained. The first is to 
identify the frequency components of voltage and current and to perform convolution in frequency domain. This is 
equivalent to the multiplication of voltage and current in the time domain. The second is to calculate the IP, ppO)f 
and to perform the Fourier transform. Both methods must give the same result. 
The Fourier transform of any signal is defmed as in (1 1). 

By performing the Fourier transform on ( 1) and (2). the frequency spectrum of voltage and current are determined. 
V(0 = l[vff*j^6(f - f, ) + Ve-H{r + f, )] ( I2.a) 

1(f) = ^[ie*jP6(f - f,) + le-i^6{r + f, )] ( I2.b) 

where 5 is the Dirac function. 

The IP. p/£). is defined by (4) as the product of the voltage and current. The same result can also be obtained in 
frequency domain by performing convolution of voltage and current spectrum, since the following relationship exist. 

vr/;./W^v(OM(o (13) 

where (•) and (*) denote multiplication and convolution respectively. The spectrum of voltage and current are shown 
in Fig 7. a and 7.b respectively. 

Note that the component at the negative (-ve) frequency is the conjugate of that at the positive (+-ve) frequency. The 
negative frequency does not have any physical meaning but it is the result of the mathematical analysis. It is 
important to note that both frequency components constitute the time domain_signaI in frequency domain. The 
spectrum of the IP can be obtained by convoluting the spectrum of voltage and current [9J. Thus: 

Pp(0 = jrV(/).ur-/)d/ = j;j'l(/)-V(r-/)d/ (14) 

where /is a dummy variable. Appendix A shows how (14) can be applied to calculate the frequency components of 
the IP. It can be seen that Pp(0 has values at -2fi.dc, and 2f,. The dc is given by (15). 

Pp(0) = ^[e-'^'' + e^^'n = ^cos(p = Vlcos(p = P (15) 

As can be seen, (15) gives the average power that could be deduced from (6). The average (active) power can also 
be deduced from ( 1 6. a) or ( 1 6.b). 

P=V'(f,)l(f,)+V(fOI*(f,) (16.a) 

p= ZV(oi"(0= zvcorio (i6.b) 
f-*) -f, 

where * denotes the phasor conjugate. 

The spectrum of the instantaneous power is shown in Fig 8. 

where from Appendix A, X=a+p. As can be seen the frequency spectrum does not provide any information about the 
reactive power, Q. 

If Fourier transform is applied on Equation (4), the same result as shown in Fig 8 is obtained. 

4-DISCUS$!ON ON SPECTRUM ANALYSIS 
The aforementioned analysis indicates that the reactive power as defined by (7.b) cannot be determined in the 
frequency domain. Note that the Schwarz inequality suggests that if (p^^O. two sides of (10) can never be equal. The 
analysis considered, which is the standard procedure in electrical engineering does not have the capability to 
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calculate the reactive power. 

The power in any signal x/t) may be found in terms of either a time or frequency description based on Parscvars 
relation, if x/t) is a square iniegrable function over one period [10], A generalisation of this is PlancherePs relation 
for the product of two arbitrary periodic signals, jCp/y andy^,/?^. PlancherePs relation is defined as in (17) (8. 10]. 

YJo^'p(Oy;(r>it = ix(Or(0 (17) 

L.H,S of Equation (17) is the average power that is given by (6). R.H.S of (17) is equal to what has been calculated 
by the convolution theorem in frequency domain that is described by (I6.b). Thus PlancherePs relation can be 
considered as a basis for defining the power in an ac circuit. It is clear that if the normal procedure of power 
calculation is used, neither in time nor frequency domain, Q as defined by (7.b) can be determined. 
In normal electrical engineering practice, complex power is considered defined by (18). 

S = vr =P + jQ = |s|-i:9 

where Isl is considered to be the AP in single and balanced 3-phase systems. (1 8) is a frequency domain expression. 
However, it has been shown that the complex power cannot be deduced from the spectrum of voltage and current. If 
R.H.S of (17) is modified, as shown in (19). then Q can be deduced. 

2|;X(0V*(0 = -^^*' = VIco3ip + jVlsincp- P + jQ (19) 

However, for this condition the Plancherel's (ParsevaPs) theorem is not satisfied and hence is not acceptable. In 
other words the relationship (18) is not analytically valid. Thus. Q defined as the magnitude of one of the oscillatory 
components of the IP cannot be obtained in the frequency domain. 

5-TRADlTfONAL METHOD FOR MEASURING O 

Traditionally, Q is measured by phase shifting the voltage signal by -90* and multiplying it by the current signal. 
Integration of the product over one period, which is effectively the average value, is the reactive power as given by 
(7.b) [11]. The procedure is given below. 

P^U) = Vcos{cD,i + a - -^).icos((U|i + P) (20.a) 

PqU) = ^sintp + -^sin(2to,i + a + p) (20.b) 
As can be seen, the average value ofp/0 is the reactive power. Q. 

6-NEW APPARENT POWER 

6.NModified Voltage Signal 

As was shown in Section 5. the reactive power Q is obtained by assuming that it is an imaginary dc signal. In order 
to generalise the method, appropriate signal must be considered in the analysis that also satisfies the signal theories. 
Thus, if the voltage signal considered in the power calculation is modified as shown below then the reactive power 
Q can^be calculated. 

v^^(0 = Vcos(f.>it + a) (1) 
= Vcos(o>,i + a - ^) = Vsin(o),t + a) (21) 
The voltage signal that must be considered in the analysis is given below. 

= V[cos(o),t + a) + jsin(a),l + a)} = (22) 
Note that VmifO) does not exist in the circuit but is physically obtainable as done in Q measurement. In order to keep 
in line with Plancherel's theorem the IP is defined as follows: 

p(t)^vMiO) (2^) 
p{t) = W'*"*'' ''^^licosCcjil + P)!' (24) 
Note that since the current is considered real, the conjugate is the same as the signal itself. Using Cauchy 
relationship, the IP can be written as follows: 

p(,) = iI.i'P + Xl^j*^->'^^> (25) 
where, cp=a-p and >.=a+p. 

As can be seen, p(0 defined by (25) has dc components on the real and imaginary axis which are equal to P and Q 
respectively. Also, there exists a complex ac component. The spectrum of the IP is shown in Fig 9. 

Applying the Schwarz inequality to the modified signals, the following is obtained. 

VLl <v:-!l (26) 

Nottf that if the voltage given in (22) is coniidered the rms of the signal is equal to its peak (10). It can be seen that 
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the relationship does not depend on the phase angle between the voltage and current. Hence considering the 
modified signals, the Schwarz relationship can be wrinen as follows: 



(V2|/o^v„(0/(0dt|]' =/J |v^(/)|'dt .Jo^|i(/)l'dt 
Equation (27) can be written as shown below. 



(27) 



(28) 



where denotes the rms value of the complex voltage signal. It can be seen that if the voltage signal is modified, 
the Schwarz relationship is always equality, provided ^2 coefficient is considered. The spectrum of the complex 
voltage is given by (29). 

V(0= Ve^'^5(f-fi)=V„c^6(f-f,) (29) 
The specttiim of current is given by (I2.b). Applying (17) yields the active and reactive powers both in time and 
frequency domain. Equation (30.a) and (30.b) give the L.H.S and R.H.S of ( 1 7) respectively. 

1 fT., /,^:,.^^._ VI Hp_vi„_^:Vi 



(/) i(/)dt = ^e^'' =^cos(p ^ j-^sin (p 



(30.a) 
(30.b) 



It can be seen that PlancherePs relation is satisfied and at the same time the reactive power can be determined both 
in frequency and time domain. As ic is evident the reactive power is obtained as an imaginary dc power in this 
analysis. 



6.2-AP as the NORM of the Instantaneous Power (IP) 

The Norm of any signal x(t) is defmed by (3 1 ) [8, 12]. The 2-Norm (where d=2) is the rms value of the signal. It is a 
measure of the size of the signal [10, 12]. For any signal, the square of the 2-Norm is referred to as the energy (for 
energy signals) or power (for power signals) of the signal. It is clear that the periodic signals are power signals [9, 
10] and ( I .t 1 2)" gives the total power in the signal [8, 10,12]. Note that although the IP is not a physical signal [6], 
it can be regarded as one. In fact the IP is a quantity for determining physical quantities. But it must also be 
emphasised that the law of the conservation of energy is satisfied by this quantity throughout a circuit. 



ii-L=(rj-^(or'dt)'^ for i^d^c. 



(31) 



The 2-Norm or rms of pfc) is given by (32.a) or (32. b). obtained by substituting (25) into (31) for d^2. Note that 
slnc^ pfc) is periodical (power signal) the limit of integration has been modified [12]. Equation (32. b) shows that the 
2-Norm is equal to the product of the rms of the current and complex voltage or \'2 times the rms of current and real 
voltage, 

I 



14 = 



1 





"> ' 








dt 


2 










> 



J2 '^yfl " 



(32.a) 



(32.b) 



The AP is defined as the 2-Norm of the modified IP. The modified IP is the product of current and complex voltage. 
Thus, the relationship between the 2-Norm and different quantities for single-phase systems is given below. 

S = H: ^^^•^> 
S = V^l = V2 VI = VIVp'+Q- (33.b) 
Note that the AP defined by (33. a) has the dimension of volt-ampere. The new definition of AP presented here leads 
to the product of the nms of current and voltage. U has been shown that in order to satisfy the rule of electrical 
engineering both In time and frequency domain, the definition of reactive power as the magnitude of one of the 
oscillatory components of p(() is not sufficient. 

7-PO\VER FACTOR IN SINGLE PHASE SYSTEMS 
The ratio of active power to the AP has been suggested as the definition for power factor (pO [1.2, 3]. With 
reference to the new definition for S, pf is given by (34). 

pf=| (») 

where P= VIcosp 
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V„ = V magnitude of the real voltage signal 
1= rms of tfie current signal 
In single-phase systems the pf can be written as (35). - 

pf . Z = P ^ES^» a707cos9 (35) 

It can be seen that pf cannot be greater that 0.707 in single-phase systems. The maximum pf occurs when the voltage 
and current are in phase (cos(|>=I), i.e. pure resistive load. This reduction in pf from standard unity pf for resistive 
load is due to the ac component of p(0- This component exists even if all of the reactive power (the component of 
pft) on the imaginary axis) is compensated by reactive passive elements. The sign of Q determines the nature of the 
reactive power (Leading or Lagging). 

S^TMPLEMENTATION OF THE ALGQRITM 

Appendix B illustrates that the rms or 2-Norm of pft) can be measured using (36). It can be seen that Equation (36) 
is the same as (33.b). Note that the AP defined by (36) is not measured by the product of the rms of voltage and 
current but from the IP» p(t). 

S = rm3(p(0] = {[rms[v^(/)/(0]f + [rms[v^(r)/(r)]pp' 

9-THREE PHASE SYSTEMS 
The method proposed here for measuring S in 3 -phase systems is the extension of the algorithm, which was 
presented for single-phase systems. It is believed that any method that is considered for calculating the AP should be 
based on a quantity that agrees with the law of energy conservation and does not violate any basic rule of electrical 
engineering. In any 3 -phase system the sum of the instantaneous powers is zero. Thus; 
Z PBk(0+ ZPLk(0+ l^k{0 = 0 (37) 

lcsa.b.c k»a,b.c ksa.b.c 

where: p/0~ Instantaneous power at the source 
Pf/t)- Instantaneous power at the load 
ApftJ- Instantaneous power loss 
a,b.c=phase number 

It has already been suggested that pf, which is a measure of the quality of loads, is calculated using the active and 
AP [I, 2. 3]. The main question has been what the AP is in 3-phase systems. It is well known that in a 3-phase 
system with linear, unbalanced pure resistive loads there exists a difference between the active power and AP, 
without any oscillation of power between the load and source [2, 5]. Hence for such loads pf is not unity. The 
following section presents the new definition of S in 3-phase systems. 

lO-AP CALCULATED FROM 3-PHASE IP 
In general (38. a) and (38. b) can define the voltages and currents of a 3-pha5e system at any point in the cii-cuit. 

Vk(0= VkCOs(a>,t-*-ak)|k=,,b.c ^^^-^^ 
'v(0= IkCos(tD,t + Pi,)| (38 b) 

Ikoa.b.c 

where a, b. c denote the phase numbers. As has been previously presented, the voltage signals are modified. Thus 
(39) gives the complex voltages. 

lk=a.b.c 

The total IP is given by (40). 



M0= SA>k(0= Zv^,(/)/,(0= z 



2 



k.i.b.c 



.i-*^i' (40) 



Where: cp, -p, , <p5 =ab -Pb . <Pc =ctc -Pc 
X«=a,+p,, Xb=ab+pb. X,=ac+Pc 
It is clear that the average value of (40) is the total active and reactive powers as indicated below. 

' kaj.b.c k.a.b.c 

Note that (41) represents only the dc part of the IP. The counterpart relation of (41) is obtained in frequency domain 
using the convolution (or Ptancherel's relation). 

z^*L+i Z0k= z 5:v,„v(oi:(o 

V"j.b,c k'j.b.c k»a,b.c f-»-f| 
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The AP is obtained by calculating the 2-Norm of p(0- Substituting (40) into (33. a) yields: 



— cosXjc + j^— ^^sinA-k 
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(43) 



Equation (43) can be written as fottows: 
where; 



(44) 



lk-a.b.c 



XVit,Vt2ll^,Ii^C0S(t|)t, -(Pkj) 
kl-a.b.c 
k2-a.b.c 
kUk2 



|k-a.b.c kl-a,b,c 
1 k2-a.b.c 
\ kUk2 



(45.a) 



(45.b) 



where and U are the rms of phase voltages and currents respectively. and $□ are called the symmetrical and 
unsymmetrical AP respectively, since Su will be non-zero only if the currents and/or voltages are not balanced. In a 
special case when the system is completely balanced, then V,=Vb=Vc=V. I^=Ib=l,.=I, cp,=(Pb=<Pc=<P and Xa=X=a-t'P, 
Xi,= 120-i-X, Xc=-i20+X, thus; 



,-1 SPkl +f iQkl =37p^ 

y\,k-a,b.c ; Vk-a.b.c ) 



+ Q- =3VI 



(46) 



Su = VI^3 + 6cos(I20) = 0 

This result is also evident from (40) where its ac part becomes zero as shown below. 



4t 



(47) 



(48) 



ac part of p{t) 

Thus, in a balanced 3 -phase system the ac part of the IP is zero and it consists of only dc components that is given 
by (46). This is a contrary to the single-phase systems. In this case the AP is the modulus of the complex power 
defined as below; 

S = 3V^(0T(0' 

The pf (P/S) can be made equal to unity for a balanced system if appropriate compensation is employed in the 
circuit, as this reduces the value of p(0 on the dc imaginar>' a.xis to zero and only dc real component is present. On 
the other hand, it can be said that if there is an ac component on p(t) then it means that there is unbalanced load 
present in the system. The unity pf is achievable in a 3-phase system by first compensating the reactive power which 
is the dc component on imaginar>' axis and then balancing the load, using the techniques described in (I I]. 
Also, at the source where the voltages are balanced, the symmetrical and unsymmetrical APs for a case when the 
currents are not balanced are given below; 



Ss = >/(r'a + Pb + Pc)^+{Oa+Qb + Qcy 



= EV^a + lb + Ic +2ljIbC0S((Pa - (?b) ^ 2lbIcCOS((f)b - tPc) + 2lclaC05(q)c " tPj) 

S„ - F^l^ + 19 + IJ + 2l3!bCos(X, -Xt,)+ 2ib!cCOs().b ->.c) + 2Ul3C0S(>.c -XJ 



(50.a) 
(50.b) 



where E is the rms of the phase voltages at the source. If the phase ''a" of the generator is considered as the reference 
then: (p,=-P, , (pb=- 1 20*>-Pb . (p,= 1 20'-p, 
>M=P. . >.b=-I20°+Pb . X,= l20^-p, 

1 l-MEASUREMENT OF 3-PHASE AP 
The algorithm for 3-phase systems can be implemented using the same technique as that described in Appendix B. 
The rms of 3-phase p(t) is given below; 



[ l^k-a.b.c [ l,k>a.b.c )\ 



(51) 
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Equation (5 ! ) can be implemented on a measuring device. 



12*CONCLUSION 



It was shown that the present p wer theory cannot be used to determine the reactive power in time and frequency 
domain. The Piancherel's relation is not satisfied by the present power theory. A technique was proposed to 
determine the reactive power that satisfies signal theories in both time and frequency domain. The technique is 
based on the modification of the voltage signal by including a quadrature axis voltage. This component is obtained 
by delaying the voltage signal by 90". The new AP is defined as the rms or 2-Norm of the IP that satisfies the law of 
conservation of energy in a circuit. It was shown that if the new AP is considered the power fector (P/S), cannot be 
unity in single-phase systems even if the voltage and current are in-phase. Unity power factor is only obtainable in 
3-phase balamced systems. It was shown that for this condition the ac component of the IP is zero. 
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I4.1-Appendi.\ A 

Since there are only fj components present in the voltage and current spectrum, all components lower than -2fi and 

higher than 2f| on the power spectrum are zero. 

Applying Equation ( 14) on voltage and cunrent spectrum yields: 

Pp(-2ri) = V(-2r,)U-2f, + 2f,) + V(-fi)I(-2r, +fi) + V(0)I(-2f,) > Vtf|)I(-2f, -fi) 
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(AKa) 

(Al.b) 
(A2} 



where : ). = a p 

Pp{-f|) = V(-2f,)l(-f, +2(1)^- V(-f)!(-f, ^C,)^- V(0}t(-f,) vV(f,)lt-f, -fi) + V(2f,)U-f, -2{\)^0 
Pp(0) = V(-2f, )I(0 + 2r, ) + V(-f, )l(0 + f| ) ^- V'lOUO - 0) + V(f, )l(0 - fi ) ^ V(2r,)I{0 - 2fi ) 



Pp(0) = V(-f,)I(+f,) + V(f,)I(-f,) = -^cos(p 
By symmetry Pp(t*j) = 0 

Pp(2f,) = V(-f|)K2f, + fj) ^^ V(0)K2r, - 0) * V(fi )K2f, - f, ) = V(f,)l(f, ) 
Pp(2f,) = V(f,)I(f,) = ^ej^- 



(A3) 



(A4) 



14.2-Appendix B 
The nns of p(0 is given by Bl. 




(Bl) 



By expanding the voltage signal, (81) can be rearranged as follow : 




(B2) 



where : 




(B3) 
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nns[v^(/) 1(0 J = rTTislVIsin(ci>ii a)cos((Uit + p)J 

Thus; 

iTns(p(0] = V2P^+2Q^ = VI^P^+Q- 
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(B4) 
(35) 
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ABSTRACT The new apparent power defined a> the 2.Norm of the iniuataneoui power h '"«»'*8««/ 
components. 

KEVVVORD Apparent Power, Power Factor. Instantaneous Power. Symmetrical Components 

1. INTRODUCTION 

Three ohase systems can be analysed by the virtue of the symmetrical components. If the transrniss.on system can 
S^onS^rsymr^etrical. i.e. equal line impedances, the voltages and currents can be resolved .nto symmetr.cal 

f° p^onTof this report a new definition for the apparent power (AP) based on the modified in^'-'^-^"^^^^^^^ 
HP) was proposed. The AP was defined as the rms of the modified IP. The analys.s was based °" J^e Phjise co 
ord nate of 3 phase systems. In order to investigate the generalisation of the approach. P^" ^^^^^^ 

report, the analysis is carried out here for 3-phase systems using the symmemcal ""'P^"'^"^ ^f^tu" e^^^^^^ 
obserCe the influence of different components, namely positive, negative and zero phase sequence of voltages and 
currents on power components and power factor (pO- r .„i„»- «r «r.ltao« 

Reference [11 used sytnmetrical components to obtain an expression for the AP .n terms of rms value, of voluges 
anlcSien ts VowerTactor (pO was then defined ^s the ratio of positive phase sequence (pps) power and the defin d 
AP [Tl !n the following sections, pf in terms of the symmetrical components will be investigated and a new pf w,ll 
be introduced. 

7.^VMMFTRICAt rOMPQNENTS REPRESENTATION OFTHE NEW AP 
Consider a 3-phase ideal source feeding a 3-phase load via a transmission systeni w.ch impedance Z,. The source 
and load terminals will be considered separately. 

2. 1 -The AP and pf at the Source 

the voltages at the source can be defmed as follows; ^ 
et ~ Ecos(a>,l + aJ) 

where a. b, c denote the phase numbers. The magnitudes are phase quantities. Also; 

generate pps voltages the negative phase sequence (nps) and zero phase sequence 

F^LThTase a ^ delayed by -90^ is formed and then as discussed in [2, the voltages are modiHed as 

shown belosv. 

=Ecos(to,t + ai:-90')[^^^^ 

Equ. (4) defines the comple.x voltage signals that are used in the analysis. The phase angles are ^ .^J^ff ^'J^^^ 
The Dhaie voltages and currents can be resolved into symmetrical components at any pomt in the circuit (1 ]. Hence 
^thVcurrents ^^ source are defined as (5) then using Cauchy relations, their symmetrical cor^ponents 
representation will be as shown in (6). 
,;(/) = li,cos{co,i + Pk)| 



(6) 
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where : 

p: =PMij =r-i2o\p: =r +120- 

PI = P". PS = P" + 120\ Pe = p- - 120- ^ <7) 

p;=p^p^=p^PS = p° 

I* , I" , I** denote the magnitude of pps. nps and zps currents respectively. Also P*. p" and P** are phase angle of 
pps, nps and zps currents with respect to (w,r.t) the phase *'a" voltage of the source. 
The per phase and total instantaneous powers (IP) at the source are defined by (8 .a) and (8.b) respectively. 

/\(0 = ^mic(0^(d ^ =^;ricW(^(0 + f(0 + 'k(Oy| (8.a) 

k-a.b.c 

k«a.b.c k>a.b.c kaa.b.c 

The sum of the product of the pps voltages and zps currents are zero since the pps voltages are balanced and zps 
currents are all in-phase as shown below. 

k-a.b.c L J 

This is physically acceptable since, theoretically, due to the physical placement of 3-phase windings in generators 
the zps current cannot produce any armature reaction in three phase machines. 

Other components of the IP are found by considering the appropriate current components in (6). Thus; 

k>a.b.c 
k»a.b.c 

where, (p*=-P\ >.*=P" and E. T and 1" are the rms of the terminal voltage, pps and nps currents respectively. Note 
that (lO.a) is a dc whereas (iO.b) is an ac signal. Note also that since the currents are real signals their conjugates are 
the same as the signal itself. 
The tola! IP is given below; 

p(/ ) = 3 E I j'*'* + 3 E I -£i^%K2a>,0 ( M ) 

It can be seen that the average value of(l I) is the same as (41) in [2], and is the total active and reactive powers that 
are supplied by the source to the circuit. Also note that the 3-phase generator can only produce active and reactive 
powers in a pps circuit. It is clear that if the system is balanced the nps current is zero and hence the IP consists of a 
dc term as explained in [2]. 

The apparent power (AP) was defined in (2] as the 2-Norm of the IP. Thus; 



Substituting ( 1 1 ) into ( 1 2) yields: 



(12) 



S = {(3Ery +(3Eryp -3E^I^' +r' (I3) 

The balanced and unbalanced AP in terms of symmetrical components are defined below as: 
S, = 3Er (I4.a) 
S^=3Er (14-b) 
Equation (14.a) and (14.b) are equal to (50.a) and (50.b) in [2] respectively where S, and were defined in terms of 
the phase co-ordinates. 

The power factor (pO of the source is defined as the ratio of the active power to the AP. Thus; 

Note that since the machine can only produce pps active power, the pf is obtained in terms of P* only. Also note that 
since the pps circuit is balanced then voltages sum to zero at any instant and thus the product of the rms of the pps 
voltage to the pps and zps currents is independent of the reference. 
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2.2-The AP and pf at the Load 
2.2.1 -IP C mponents at the Load 

(6) gives the currents in the circuit. Depending on the grounding of the system, the zps current may or may not be 
present in each of the lines. In general, the pps, nps and zps voltage drops on the line impedances are given below: 

Av^i) = (R; + l;^V^(0|™ (16) 

where R, and L, are the line sequence resistance and inductance respectively. The symmetrica! component voltages 
at the load are thus given by (17). 
v*(0 = e*(0-Av^(/y 

v"(/) = -Av-(/) ^ (17) 
v^(/) = -AvO(r) \ 

Appendix A shows that in general the sequence voltages at the load temriinal can be written as follows; 
v*(/) = V*cos(a>,t + a*) 

v-(/) = V'cos(a),t + a*) • (18) 
v°(0= V°cos(6),i + a°) 

The magnitudes and phase angles are given in Appendi.x A. Considering the above equations, the modified phase 
voltages at the load in terms of the symmetrical components are determined by phase shifting the sequence voltages 
by -90^ Thus; 



Where; 

a; = a*, a5 = a* - 120% a* = a* +120* 
= "ii. cib = ctl + 120'. a.~ = - 120' 

o o o o o o 

eta =a^. Ub = a^. ttc = 
The total IP is given by (21). 

Equation (21) can be wrinen in terms of the symmetrical components as follows; 



k.a.b,c 



(19) 



(20) 



(21) 
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(22.a) 



Note that for simplicity, (() has been eliminated from the equations, but it should be emphasised that all matrix 
elements are functions of time. The matrix elements are given below; 



P = Zv'cnk'k 




(23) 


P' = Z^mkt 
ksa.b.c 




(24) 


P = L^mfc'k 




(25) 


= S^mk'k 
k«3.b.c 




(26) 


P = Z^mk'k 
k-a.b.c 


= 0 


(27) 


P = Z^mk'k 




(28) 
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Z^^^ =0 (29) 
k«a.b.c 

p'= IvSoc'k'=0 (30) 
k«a.b.c 

Svs;„t =0 (31) 

k-a.b.c 

where V*. V" and V* are the rms of pps, nps and zps voltages and I** is the rms of zps current, and for the above; 

X»=a^*>+P», X- = a* + p- , - + PM (32.b) 
The following remarks can be made; 

! -The products of zps (in-phase) voltages and currents to pps and nps (balanced) currents and voltages are zero. 

2- It can been seen that the product of the same component voltages and currents contains dc terms which implies 
that there are active and reactive powers associated with these components. 

3- In general, a sign cannot be defined for ac currents on their own, but when the flow of power, e.g. with respect to a 
voltage is considered the direction finds a meaning. As can be seen the sign of p* and are positive. These terms 
are the product of the pps voltage to the pps and nps currents respectively. The same result was obtained in Section 
2.1 when the source was considered. 

4- The sign of p", p^ and p^ are negative compared to p* and p^. This means that these terms are flowing in opposite 
direction to p* and p' w.r.t the unbalanced load. In fact, these IPs are exactly equal to the system impedance demand 
of the instantaneous components of p", p**, and p* , The same result for p~. p" had been obtained in [ I ] however, it is 
shown here that the same argument is also applied to the IPs that are the result of the product of unlike sequence 
quantities, namely nps voltage and pps currents. 

The physical explanation for this phenomenon is that since, as a result of unbalance loading, nps and zps currents 
flow in the circuit then there would be demand for p~, p°, and p* from the system impedance. The source cannot 
produce these power components, therefore the unbalanced load convens some of its p* and p~ into other dc and ac 
components of the IP respectively. Note that the sums of each of these components as well as the total IP in the 
circuit are zero and thus they satisfy the rule of conservation of energy. 

5- If there is a balanced load in parallel with the unbalanced load, then it can be easily proved that due to the system 
impedance some unbalanced current will flow into the balanced load [I]. Thus; this causes the power components 

p". p", and p^ to appear in the IP of the balanced load. The unbalanced load will also supply these. 
With reference to the above observations, the flow of power components can be shown as in Fig 10. 

Subscript LI and L2 represent unbalanced and balanced loads respectively. Note that p* and p~ demand by the 
system impedance is met by the source. 

Hence, the balanced load also consumes (dissipate) some active power (real energy) in its nps and zps circuits. 
Although in some loads not all, like heating loads, these powers may be convened into useful energy but in general, 
due to the other detrimental effects of nps and zps currents on the system they are regarded as undesirable powers. 

2.2.2-Total AP and pf at the Load 

In general, considering balanced and unbalanced loads the total IP of the load can be written as follows: 

p=p^+ p'-^ p°+ p^+ p"^ (33) 

Substituting appropriate signals into (33) yields; 

p = 3^V*lV'^* + V-lV-f*' +V°l°*.^'^° j+3[^VMV*' +V-re^^' + V^I^ej^-^'p-"'' (34) 

Note that, as previously mentioned, some of the terms in (34) would be negative for unbalanced loads. 
As can be seen the IP consists of a complex dc and a complex ac term. The ft-equency of the ac component is double 
the system frequency as expected. The dc term representing P and Q are the result of the product of the same 
symmetrical components. 

The apparent power is defined as 2-Norm of the IP. Substituting (34) into (12) yields; 



3V-re'" +3V-IV'' +3V"'l''e>" 



+ bv*lV^' +3V-re'''' +3V<'lV^° 



(35) 



S = + Qr +9r(vrcos).' + V-|'cos).' + VOl-coiX-jr + (vM-sinX' + V-|*sinX^ + V»I''sinX'']r j |^ (36) 
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where: 

P*=3 \r Pcoscp*, Q*=3 V*I*sin<p^ 
P'=3\n'cos<p'. Q"=3\rrsin(p' 
P*'=3 V^rcoscp*. Q*'='3 V^^sificp* 

The AP defined by (36) can be wrinen in terms of Sj and Su as given below; 

S = VSs (37) 
where 



Ss=3 i(v'j7-^ XV''v'-r»r-cos(cp''-<p^-) (38.a) 



|r»-t-.-,o rl"*-,-.o 
rl-r2 



S„ = 3v(v*l"]f + [vrf + (v°I^y + 2 V* vr rcos(X- - > + 2 V^'I-rcosCX* - + 2V-V°n<>cos(X° - ) {38,b) 

Equation (38.a) and (38. b), which are in terms of the symmetrical components, are equal to (45. a) and (45.b) in [21 
respectively. 

The pf defined by P/S can be deduced from (39). 

Power factor specified by (39) is exactly the same as that calculated from the phase co-ordinates, obtained in [2]. 
As was previously mentioned, the unbalanced load converts some of its p' and p' into other IP components. This 
implies that P", P^ Q". Q"* from dc terms and also VfexpG ). V**rexp(jA.°) of the ac components in (35) or (36) 
would have opposite sign to P\ Q*" and V'I'exp(j/.*). This means that former quantities are actually flowing from 
the load towards the system and other balanced loads. The active power that is actually consumed by the unbalanced 
load, P, . is smaller than that taken from the system. Although the difference is injected back to the system to be used 
by the system impedance and other balanced loads, the unbalanced load itself is the cause of the discrepancies 
between power components. The same argument is equally applicable to the calculated AP specified by (37). 
Considering pf shown by (39), it can be seen that smaller S implies larger pf. however, P, also would be smaller. 
Then some of increase in the pf due to decrease in S may be compensated by the lower value of. P|. On the other 
hand, consumers pay their energy bill on active power as well as pf Therefore, if P, is considered for energy bills 
then the unbalanced loads do not pay for the system pollution that they are causing. It must also be said that this 
phenomenon is a mutual effect between loads and systems since the amount of power that is injected back to the 
system by the unbalanced load depends on the system impedance as well as the amount of unbalanced current. Thus, 
from the consumer viewpoint, one may argue that the consumers should not alone be penalised for the pollution. Of 
course any supply system has some impedance which should comply with the standards. It is believed that if the 
supply system condition complies with the design standards then the consumers should pay for the extra losses of 
the system. 

3-MODIFIED APPARENT POWER AND POWER FACTOR 
With reference to the above discussion it is desirable to use P^^jVTcoscp", for energy billing purposes. In this case 
the unbalanced load would pay for the pollution it is causing. On the other hand, balanced loads that are in parallel 
with unbalanced loads do not pay for the powers in the form of nps and zps active powers that they may be using. 
However, as was mentioned before, these powers are regarded as undesirable powers. It can be said that the 
balanced loads are forced to use these undesirable powers. Therefore, since the supply authorities receive the cost of 
energy from the source of pollution, there is no point of charging the balanced loads again. 

If P* is used for energy metering then it is technically reasonable to suggest that the AP that is calculated from the 
pps voltage be considered for measuring the pf This is different to what has been suggested in [I] as the AP used in 
pf calculation would be different. For unbalanced loads, P' tends to increase the pf but the AP calculated using only 
the pps voltages may be higher than the case when total AP is considered. Hence, higher S may compensate the 
increase in pf due to higher P". The value of depends on the magnitude and phase angles of the sequence voltages 
and currents. 

Thus, the IP is calculated from (40. a); 

A' = v;..->v,;,,; + v;,c (4o.a) 

where , and i. are the phase currents and v*„,^ , i *mb and i are the complex pps voltages. Note that (t) has been 
ignored for simplicity. 
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Equation (41) can be written as below; 
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(41) 



r-2 



Note that (42) has the same format as the AP at the source given by (13). The pf is thus given by (43). 

rcos(p* 

p 



As an example consider a 1 -phase circuit with a source voltage of 100 V rms and a load of 8 q that is supplied via a 
system impedance of 2+j4 CI. The active power and AP of the load are 689.7 W and >/2 689.7 VA respectively that 
give a pf of =0.707. 

Power factor is used to defme the electrical quality of loads and determines the utilisation of a supplying system. 
When the above load is connected to a 3-phase system with an e.xactly similar transmission characteristic neither 
load's quality nor utilisation of the system changes. Thus, the load pf must be the same. Consider that the above 1- 
phase load is connected to the phase ''a" of a 3-phase system with the line impedance of 2+j4 O/phase and zero 
neutral impedance, i.e. ideal earthing (for simplicity). Using (37) the load AP is V2 689.7 VA and the active power 
is 689.7 W that gives a pf of 0.707. It can be seen that the load pf has not changed. This is logical as neither the 
system losses nor load power consumption has changed. However, to reflect the effect of the unbalanced load on the 
system, (42) and (43) must be used that give 5=1183.4 VA and pf=0.68, a lower pf. Note that 229.9 VAr pps 
reactive power is measured at the load terminal that is equal to the sum of nps and zps reactive demand of the 
system impedance as the load itself does not demand any reactive power. 

4-IMPLEMENTATIOi\ OF THE ALGORITHM 

The AP can be calculated/measured either in time domain using (40. a) or from the product of the rms of pps voltage 
and pps and nps currents defmed by (42). Note that since pps voltage is used in S calculation then the reference 
voltage is eliminated from the equation. Thus the AP given by (42) is independent of reference voltage. Both 
methods are described here. 



*2 



(42) 



(43) 



4. 1 -Time Domain Technique 

The average value of (40. b) is the pps active and reactive powers. In order to obtain (40.b). the pps voltages for three 
phases must be e.^ctracted from the phase signals. There are different methods that can be implemented to achieve 
this [3]. The description of these methods is out of the scope of the present work. Assuming that v'., v\ and v% are 
obtained, then the quadrature voltages that are formed by phase shifting the pps voltages are obtained for each 
phase. Multiplication of the real and imaginar\' voltages with appropriate phase currents provides Equation (40.b). 
Thus; 

(44.a) 
(44.b) 



lk»a.b.c 

>qk = V*sin(a),t + a^)| 

lk=a.b.c 



where; 

a; = a\al = a* - 120\a; = a" + 120' 

Pp= Zv'k =3VM*co5<p* +3VM"cos(2cj,t + ).*) 
k-a.b.c 

= ZV'k =3V*rsia<p" +3VM"sin(2w,t + >.*) 
k-a.b.c 



(45.a) 
(45.b) 



The average value of/5p and are the pps active and reactive powers as given below; 

The IP is given by (47) and the AP. defined as the mis of the IP is given by (48). 
P = + j Pq 

S = n\\s[p] = {[mis(pp)f + {rms(;7^)p |^ 



(46.a) 
(46.a) 

(47) 
(48) 



The components of S given by (4S) are calculated as follow; 
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(pcostp* ] 


■'4 






(rsintp*J 


'4 



(49.a) 
(49.b) 



By substituting (49.a) and (49.b) into (48) Equation (42) is deduced. 
4.2*AP Calculation Using rms Values of Voltages and Current 

Equation (42) can be determined from the rms values of the voltage and currents. It can be proved that the pps 
voltage is independent of the reference voltage. 

3v* = v^^, + Hv„,^b + H^v^^, (51) 



V, V =5 Vt, -v«fL . (50) 



:2k :2lt 

^mcask - nrt^asufcd phase voltage, vj^ = phase voltage 
Thus 



3v* =V3 + Hvb + H-Vc-(I + H + H-)v„f (52) 
Since (H-H+H-)=0 then the reference voltage is eliminated from (52). The rms of the pps voltage is given by (53). 



The amount of hardware and software for calculating the AP will be reduced if (42) can be arranged in terms of the 
phase currents. Equation (42) can be wrinen as (54); 

S = 3V*/r^Tr^ = 3V*>/l^'+|-'+l°'-r' (54) 
It can be shown that the following relationship exists between the rms values of phase and symmetrical component 
currents [1]. 

I;H-I^I;=3(r' + r (55) 

The rms of zps current is deduced from (56), 



Substituting (55) and (56) into (54) yields; 

S = 3V^i(l^l^.U^)-I«' (57) 
where l^. b.c^ rms of the phase currents. 

5-CONCLUSIONS 

The new AP described in [2] was represented in terms of the symmetrical components. The active and reactive 
powers were determined as dc signals on the real and imaginary a.\is. As in [2] the quantities defined as symmetrical 
and unsymmetrica! AP were obtained in terms of the symmetrical components. 

It was shown that the IP of 3-phase ideal source consists of a complex dc signal, which gives the active and reactive 
powers and is the result of the product of the pps voltage and current, and an ac signal which is the result of the 
product of pps voltage and nps current. The ac term is responsible for the increase in the AP when the system is 
unbalanced. 

The reactive power is a physical quantity. Whenever there is a phase difference between the voltage and current, 
there exists a reactive power in the circuit. The difference between S and P not only depends on the existence of the 
reactive power but on the ac term of the IP. It may not be possible to attach any physical meaning to this term. 
However, it can be said that the ac term causes the increase in size of S. 

The compensation of reactive power by passive elements also affects the ac components of the IP. 
It was proved that unbalanced loads convert some of the power components into others and injects them back to the 
system to meet the demand by the system impedance and other parallel loads. As a result, it was suggested that only 
the products of the pps voltage with pps and nps currents be considered at the load terminals. Also since the above 
argument is valid for the active and reactive powers then it was suggested that the pps active power be considered 
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for the energy bill purposes. It was suggested that the pf be calculated from the pps power and the AP that is the 
result of the product of the pps voltage and pps and nps currents. 

Two methods were presented for devising the algorithm using rms of the IP or rms of the pps voltage and 
appropriate currents. 
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7-APPENDlX A 



Assume that the source pps voltage is given by (Al). 
e(f) = Ecos(ciJ,t) 

The sequence voltages at the load are given by (A2). 

v'(/) = -Av'"(f) 
v**(/) = -Av°(f) 
Where: 

v^'O)^ V''cos(a),t + a'') 
v'{t) = V"cos(Q>it + a" ) 
v°(f) = V''cos(a),t^-a°) 



(AI) 



(A2) 



(A3) 
(A4) 
(A5) 



The magnitude and phase of each component are given below; 



2;{^sin«+p^) 



a s= tan 



<pj = tan 



V* 



a^=(pJ+P<> 



= al+Tt 



(A6.a) 
(A6.b) 

(A7) 

(A8.a) 
(A8.b) 

(A9.a) 
(A9.b) 

(AlO.a) 
(AlO.b) 
(All) 
(A12) 
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A NEW CONCEPT IN AC POWER THEORY 
Part Three: The New Apparent Power and Power factor with Non-Sinusoidal Waveforms 

F. Ghassemu MIEE. MIEEE 
99A Fortess Road, London NW5 1 AG. England 
Email: fznghassemi@compuscrve.com 

ABSTR,\CT In this paper the new power theory is investigated for noR-siousoidal waveforms. It will be shown that (be instantaneoos 
power compooents can be determined in frequency and time domains. The reactive power b determined as a de imaginary signal ta the 
form of the sum of harmonic reactive powers. This b equivalent to the Budeaou reactive power. 

The apparent power in t-phase and 3-phase systems is investigated. The Symmetrical compooents are used to identify the components of 
the instantaneous and apparent powers and it b shown that the use of the fundamental frequency component is sufTicient for calculatiog 
the active and apparent powers and thus the power factor. A new definition for the Distortion Power is abo presented. 

KE\"VVORDS Apparent Power, Power Factor, Non-Sinusoidal Waveforms, Distortion Power. 

^INTRODUCTION 

The definition of active, reactive and apparent powers and also power factor (pO when the waveforms arc not sinusoidal have 
been investigated for many years. There is much literature on the subject that dates back as far as 1927 (1. 2, 3]. Rcf. [Ij 
highlights the reasons for using ihe apparent power in power engineering. For detailed study of the problem the reader is referred 
to this large amount of literature on the subject. 

In the first two parts of this repon a new apparent power (AP) and pf was defined and investigated for 1 -phase and 3-phasc 
systems. The purpose of the present work is to apply the new definition of the AP to a non-sinusoidal waveform situation. The 
basis of the proposed power theory is such that the active, reactive powers and AP can be deduced in time or frequency domain. 
In the new method a quadrature axis voltage is obtained by phase shifting the voltage signal by -90* to form a complex 
vol[age[4]. This complex voltage is then used to calculate, the instantaneous power (IP). If the voUage(s) and cuaent(s) arc non- 
sinusoidal, then the IP will consists of dirferent frequency terms. It will be shown that these frequency components may increase 
the size of the IP that is defined by its 2-Norm. The format and significance of the average value of the IP is also highlighted. 
It is postulated that although it is possible to devise a signal processing system (filter) with a phase response of -90** for al! 
harmonics of the fundamental frequence to obtain the quadrature axis voltages, this is not an essential requirement. The use of 
the fundamental frequency component (tTc) voltage may be sufficient for calculating the AP and hence the use of complicated 
signal processing with a particular phase response is avoided. 

2-$!\GLE PHASE POWER COM PON EiNTS 
Consider an ideal source that feeds a non-linear load via a transmission circuit. The non-linear load draws a non-sinusoidal 
current. The source and load terminals arc considered separately. 

2. 1 -Source Terminal. 

The voltage at the source and the current in the circuit are given by ( 1) and (2) respectively. 

e(/) = E,cos(o),t) (I) 
'(0= f:ihCOs(m„t + Ph) 

where P(, is the phase angle of the harmonic currents with respect to (w.r.t) the source voltage and h is the harmonic order. The 
source can only generate the ffc voltage. The quadrature x<.'\s voltage and the IP are given by (3) and (4) respectively. 

e (0 = E|Sin(a),l) (3) 



Equation (4) can be rewritten as follows: 

p(0= E,Iif^'^' +E,I,ei<-*-'*^^'^+ f;r£,lj,ej**"'»'*^'*''»>> + E,Ihe^^'""'*'-'»'^l . . (5) 

h=2L J 

where; E|=rms of the real ffc voltage 
ii=rms of the ft'c current 

<pi=phase anele between ffc voliaee and current —Pi 

h= harmonic order 

1},= rms of harmonic components 

o>ih-(i),-<Oh . ta'^^tOi+tUh forh^l 

tPth^-Ph . >.ih=Pb lorh^l 
It can be seen that the IP consists of dc and ac components. The average real and imaginary values represent the standard 
dcl'mition of active and reactive pov\ers. U is evident that the source can only produce ihes? components by tTc. This is physically 
acceptable as the nuchine is dri\en at the fund.imcnial angular frequency and the energy conversion and voltage generation lakes 
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place ac this frequency only. The product of other frequency componencs with ffc voltage cannot have any average value neither 
on real nor imaginary axis. 

It can be also seen thai the ac terms do not have equal frequencies. The product of the ffc voltage with the current harmonics 
(excluding the ffc current) leads to ac terms with distinct negative and positive frequencies that arc denoted by ©m and o)*** 
respectively. The product of the ffc voltage and current also result in an ac term with double frequency. The AP, which is the 2- 
Norm (rms) of (5), is thus given by (6). 

S » hihf^iE^hf^ti^ihf^ti^^hf = V2E,/|l[ (6) 
I h-2 h»2 Vh-l 

Note that the ac terms of (5) cannot have equal frequencies. 

The same result can be deduced in frequency domain. By performing convolution on the frequency spectrum of the voltage and 
current, given by (7.a) and (7.b) respectively, the same result as calculating the Fourier transform of (5) is obtained. 

E(0=£6(f-f|) (7.a) 

HO =» ithe^Ph5(f _ f^)^. ij^e-J**h5(f + fh)] (7.b) 

The frequency spectrum of (5) is shown in Fig. 11. 

It is clear that the AP given by (6) can also be calculated from the spectrum of the IP sKow-n in Fig, 1 1 . 

S = V(EiIi)^ + S5f + S5f +Sif (8) 
where S:t% Sjc'. S.f. .... arc the magnitude of the ac -terms of the IP at different frequencies. 

The term in square brackets in (5) can be regarded as the Distortion Instantaneous Power (DIP), since it exists if the current is 
non-sinusoidal. Distortion Power (DP), which is a component of the AP. is defined as given in (9). 



(9) 



Thus, the AP can be rewrinen as follows; 

S = V2P- + 2Q- + D- (10) 
2.2-Load Terminal 

The load terminal voltage is obtained by subtracting the voltage drop of the system impedance from the source voltage. Thus; 
A^h(/) = (Rsh + -^Mh cos(a)ht Ph ) ( » » -a) 

Av(r)= f;Avh(r) - Z AV^ cos(6)ht + ) (H.b) 

h»l h-l 
where : R^^ = system impedance resistance at frequency h 

Ljf^ = system impedance inductance at frequency h 

«ih =Ph+<P.h (»2.b) 
<Psh = tan-'(ii^|t^) (12.C) 

and 

v(t)-tr(t)-Av(t) (13) 
Substituting ( 1 1 .b) into ( 1 3) yields; 

v(r)= E,cos(cj,t)- f;AVhC0s(a)Ht + a^h) 

v(0= V,cos(cij,t + a,)+ 2lVhCos(t),,t + ah) (1^-^) 
h=2 

where : 



V, = - AViCos(a^,)]- +(AV,sin(a^t)]- 

a,=-tan-'[. ^^■^J"(^^m> ] (I5.b) 
E| -AV,cos(a^,) 

In "J 

F-qualions ( 1 7.a) anJ (1 7.b) gi\v: Ihtf complex voltage signals for the system impedance and load lerminal respectively. 
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(/) = X AVhe^"*"*"^^ ^ ( 1 7.a) 

h-l 

v„(0= iv,e^f»h**«h) (I7.b) 
The corresponding IP arc given below; 

Ap = Av„,{/)r(0 = AV,i|e^**»'*°Ai>cos{£t),l + pi)+ f;AV|ih^^"******^* W^ht + Ph) 

+ f;AVh(h^^*"*»'"*'^Wa)ht + Ph)+ i iAV„im'^^*""'**'*^W(a)^t + P„) (I8.a) 
- _ h-2 0-2 m-t 

P = v„(0/*(0 = V,i|ej("l**«' Wo>,t + Pi)+ i Vjihe^'"'*^«'>cos(Q)bt + ph) 

h-2 

- iAVhih^^^''**'"^^Wa>ht + Ph)- i ZAVnim^''^'*"''"^ Wct>„t + Pj . (I8.b) 

h»3 n«2 ni»l 

Ii can be seen that those terms of the IPs that do not involve the fTc voltage have equal magnitudes and opposite sign. This 
implies that the load actually supplies these components ot'the IP to the system impedance. For the system considered, the source 
of these components of Che IP are the components that are the product of the ffc voltage and harmonic currents, namely; 

p(0 = ViV*^'**"*W(a>,l4.p,)+ f;V|ihe^^^''"^'W(o)ht + Ph) (19) 

h-2 

(19) gives the IP components that the source can produce. Any other demand is met in the non-linear load by converting some of 
the IP components from (19). Note that the equivalent of (19) for the system impedance is also provided by the source. This 
phenomenon in a non-sinusoidal situation is similar to the caie discussed in [5], when a 3-phase unbalanced system was 
considered. More discussion will be given later in this report when power factor (pO ts investigated. 

( 1 8.b) can be rearranged as follows; 

ha| h«l n«lm=l n»tm = l 

m »n (n»n 

where: iPh=cih-Ph. >.h=ah+Ph. tPBni=ct„-P,„ . >.rm=^a„+pm 

V and I with subscripts denote the rms of a specific harmonic. 

(20) gives the total IP at the load temiinal. Note that the average imaginary of (20) is the Budeanu's reactive power [6]. In that 
definition the total reactive power was defined as the sum of the magnitude of ac components with dilTerent frequencies. That 
was not acceptable to many researchers (6). However, with the new method presented in this article, the reactive power is 
deduced as the sum of dc terms. This docs not present any analytical problem. The real average value of (20) is the total active 
power consumed by the load. Thus; 

P|^-jQr = iVt^thCOScPh+iZV^IhSinph (2!) 
h=i h=i 

The frequency of the ac terms in (20). depends on the frequency spectra of the voltage and current. It is clear that the product of 
different t'requency components of voltage and current in time domain (or convolution in frequency domain) may result in the 
formation of ac components with equal frequencies. Thus in general, combining the ac components with equal frequencies, the IP 
at (he load terminal can be written as follows; 

P= LV^l^tfj"" + f;s«cj'"-'^6-> (22) 

h =1 W = -QO 

where: Sw= magnitude of the ac terms for different frequencies 

angle of the ac terms 
The AP is thus given by (23). 

S = J( Z V,l,cos(p, )- + ( i V,l,sin9h + tsl ' (23) 

If the relationships given by (24) are valid for the IP then the AP can be written as (25). 

2ct)h'taj„,„ . 2ajhi»i<i>"'". con^^o)"'" } for any h. n and m (24) 



S = 



i 



(XVhl,cos9h)- + (iv,lhSin<Ph)-+ i(VhIh)- + 2|: i(V„l„)^ (25) 
h»l h=l h = l n=lm-I 



The pf is equal to P/S. Thus using the total active power given b> (2 1 ) and total AP described by (23), the pf can be calculated. 

3-DlSCUSSIO.N 

It was shown that the source can only produce those components of the IP that are the product of the tTc voltage and full 
spectrum of the current. Those terms of the system impedance IP that are the result of the product of the harmonic voltages (non- 
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ffc V Itage) and full speccnxm of the current are supplied by the non-linear load. If the current spectrum of the non-linear load is 
not disturbed by any form of filtering, then the source of the above IP components arc those terms that result from the product of 
the ffc voltage and full spectrum of the current If filters are used to modify the current spectrum then some of the non-ffc voltage 
components arc produced by the filters. 

Since the active power is only generated by the ffc voltages and currents then active, harmonic powers arc supplied by the non- 
linear load by converting some of the ffc power. 

The above argument is also true for the harmonic power components of any linear load in parallel with the non-linear load that 
absorbs harmonic currents. In other words, the non-ffc voltage components of the linear loads arc supplied by the non-linear 
load. Note that the ffc active and reactive powers of the linear load are smaller than the total active and reactive powers as for 
linear loads the harmonic active and reactive powers arc added to the ffc of the respective power components. However, 
harmonic powers have a detrimental effect on systems and one may argue that the linear loads are forced to consume these 
powers. 

Hence, it is suggested that the IP is calculated only for ffc voltage components- The logic behind this is the fact that other power 
components are supplied by the ffc voltage terms. The non-linear load must be held responsible for the harmonic pollution, 
assuming the system impedance values comply with the design standards. 
Thus the IP is calculated using (26). 

pO) - v„, (/)/•(/) - V^\^e^^^ + v^{^ei^'-^i'^>0 + f; j^ViIhe^^'^tht^cp.h) ^ Vithej^*""**^'*** j (26) 

It can be seen that (26) has a format similar to the source IP. The ac terms do not have equal frequencies. The average real and 
imaginary values of (26) are the Rc active and reactive powers respectively. The AP and pf of the load are thus given by (27) and 
(28) respectively. 



pf-P- V|'|COStpi _ l|COS(Pi ^28) 



S-V2j(V,l,)^+ f;(V,l,)2 ^yflV^Wil (27) 
V , K-2 Vh-l 

V|l|COS(Pi _ l|COS(pi 

Yh-I Vh«I 

It can be said that the AP and pf given respectively by (27) and (23) reflect the electrical quality of the load in single phase 
purc/non sinusoidal situations. 

4-lMPLEMENTATION OF THE TECHNIQUE 
In order to calculate the AP» the voltage signal must be phase shifted by -90"* to obtain the quadrature axis voltage signal. Thus, a 
system is required with a phase response of -90*' for all frequencies in the bandwidth considered. However, it was shown that the 
product of the ffc voUagc and full spectrum of the current can reflect the energy consumption and quality of the load. Hence, it is 
essential to filter the voltage signal to extract the ffc voltage and then to perform the phase shifting process. This eliminates the 
need for a sophisticated filtering and signal processing. 
Appendix A shows that (29) can be used to calculate the AP. 

S = ^{ rms[v,p(0((0] f + { rm3[v,^(0*(r)] f (^9) 
where : vip(/)= V,coi(cu,t + a, ) . v,q{f) = V,sin(a>it + a{ ) 
tit) is given by (2) 



5-THREE PHASE SY STEMS 

The procedure for calculating the AP in 3 -phase systems when the signals are not sinusoidal is exactly the same as the case that 
has been described in [4] and the proceeding sections. 



5.1-AP Calculation Using Phase Quantities 

Assume the phase voltages and currents at any point in the circuit are given below: 



^•k(0= Z^'uiCt^s(a)ht + akh) 
h=l 



(30.a) 



'k(0« Z»khC03(Oht + Pkh) 



(30.b) 

k-a.b.c 

where k and h denote phase number and harmonic order respectively. Note that in order to consider a general case the harmonic 
order for ditVercnt phases may not be the same. 

The complex voltages and the total IP are determined from (3 1 ) and (32) respectively. 
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•>•' lk>a.b.c 

P(')=t ZVkhlkhe'"* + Z ISkw*^""'*'"-' (32) 
h-l k»a,b.c " w— « k«a.b.c 

where V^i, and Uh arc the rms of the per phase harmonic voltages and currents. Sw is the magnitude of the ac terms of the IP. 
The AP is defined as the 2-Norm of (32). Thus: 

hi +1 i lVy,Iy,sin(pvh I + Z 1 iSkwCose^^K I +( ZS^sineu,) 



(33) 



Z Z^kh'khCOSCPth 
^h-lk-a.b.c J V,h-lk-a.b.c J 

S described by (33) is the total AP of the non-linear load itselC excluding the demand by the system impedance and any other 
linear parallel load that absorbs some of the harmonic currents. The pf is the ratio of the active power, that is the real dc value of 
(32), and S given by (33). 

At the source and also if the load terminal ffc voltage is considered in the power analysis of 3-phasc systems, then the IP can be 
calculated from (34) . 



k-a.b.c k>a.b.c k>a.b.c h-2 

p(0= ZVk.ik.s^"" + ZVkiiki«^*-"'"''"*+ Z ZVk,W^""""'*''"'-^+Z ZVkiW''""'*'""-' (34) 

k-a,b.c k»a,b.c h=.2 k-3,b,c h-2 k»a,b.c 

Where, for the source. V^, is replaced by Ej. It can be seen that the ac part consists of terms with distinct positive and negative 
frequencies. The AP is thus given below: 



s = ^ 






(35) 


where : 






Ss = 


ZVk.Ik.e^"'" 
k-a.b,c 


As given in (4] 


(36.a) 




ZVk.Ikt^^^'' 
k«a.b.c 


As given in [4] 


(36.b) 




ZVk.ikh^'""^ 

k.a.b.c 



+ z 

h>2 



ZVuikh^^'"" 

k-a.b.c 



(37) 



where D is the Distortion Power. Note that S, and are exactly the same as (45.a) and (45. b) in [4]. These terms are related to 
the ffc voltages and currents. 

The pf is then calculated using real dc value of (34) and S given by (35). 
5.2-AP Calculation Usine Symmetrical Components 

If the system impedance can be considered equal in all three phases, then the 3-phasc system can be replaced by three uncoupled 
systems known as sequence impedances. 

The above statement is very near to true in a 3-phase system when only ffc signals are present. However, if there is a non-linear 
load in the circuit, then mutual effects between sequence networks exist at harmonic frequencies. This is due to the fact that the 
condition of system impedance symmetrv- may not be fulfilled since the self and mutual impedances of the phases may be 
different as the frequency increases. 

However, it is always possible to resolve the voltages and currents at any point in the system into symmetrical components. The 
system impedance asymmetry only results in coupling between the sequence networks. This implies that the current in one 
sequence circuit gives rise to a voltage in others (7). Therefore, having measurcd'calculated the phase co-ordinates of voltages 
and currents, then wide band frequency spectrum three phase signals can be resolved into symmetrical components. Unequal 
system impedances implies that Equation (16) in [5] is not strictly valid since voltage drop on sequence impedances of the line is 
not due to one sequence current only. 

The voltages and currents are defined by (30.a) and (30.b). At any point in the circuit the following relationship bet^vecn the 
phase and symmetrical component voltages exists. 



"*(')= zvir(o=} f:fvah(')+vi,h('+^)+v,hU-^)l 

hat hslL J 

"■(') = Zvh (0 = y Z[vah(') + Vi,H(f - ^) + v,h(r + il-)] 

v'C) = ZvhC) = \ Zkh(o + Vbh(o + v,h(o] 



(38.a) 
(38.b) 
(38.C) 



h-I h- 

where T^ is the period for cjch hiinnonic including the f^'c. The same relationship can be defined for the currents. 

If the 3-phase system is balanced, then harmonics will appear only in one symmetrical component signal. For example, for 

balanced 3-phuse systems the 9'** harmonic appears in zero phase sequence (zps) only and the 2"^ hannonic as negative phase 
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sequence (nps). However, considering a general case, ihe positive phase sequence (pps). nps and zps signals amy contain 
harmonics irrespective of their orders. 

The symmetrical component cxxrrcnts and complex voltages arc defined by (39) and (40) respectively. 
'k(0= IlkhCos(a>ht + Pth) 



k-a.b.c 



(39) 
(40) 



v;k(')=iv;;,^(/)=svi,.i<»^'*«ih> 

"•' k...b.c 
where: ai,=oS . o;h=oj-120*. a5,=ai; + 120' 
a* = tth . Obh = Oh ■H20* . a^h = -120* 

0,h = «h . = Oh , = Oh 

Pi. = Pi; . Pw=Pi;+i2o-, p-h=p^-!2o- 
pi,=ph . Pbh=PS .P?h=ps 

The total IP is defined by (22.a) or (22.b) in (5). The elements of the total IP are given below; 

p*= iv;i(/y:^o=3z f:v;i;ei''»""'^<'™^=3ivh'i,v'^ +31 iv^i^i'"-""-' (4i) 

k-a,b.c n*lm-l h«»l n»l in»l 

P'= Iv;jc(fyk"(0=3f:Vfc-Ihe'''i;+3f: iv-li^rj*"-"'-' . (42) 

k-a.b.c h = \ n»Iin>I 

m»n 

Tri«n 

p*= Zv;,(r>,-*(o = 3|; zv;i;'''"*""^*""' (44) 

k«a,b.c n a| m =>! 

P*= I'';;j.(rK*(0 = 3f; iv„-i;«rj'»""'-^-> (45) 

k«j.b.c n>l m »1 

Zv;^,?* = zv;;^'"' = Zv»,/;" = xv^,v"' = o (46) 

k»i.b.c k-a.b.c k-3.b.c k»a.b,c 

where: o)„^=a)„-(o„, (j'""=C0rt+(a„ 

and h, n. m = harmonic orders. 

With reference to [5] and the aforementioned analysis the following remarks can be made. 

1- The product of similar sequences and harmonics leads to dc values inp*. p' and p** . 

2- If the signals arc pure sinusoidal, the result is the same as that obtained in (5). 

3- The ac components ofp* and p" have frequencies that result from the difl'erencc of the harmonic frequencies. 

4- The ac components of p** have frequencies that arc from the difference and summation of the harmonic frequencies. 

5- p* and p^ have frequencies that result from the summation of the harmonic frequencies. 

6- At the ideal source terminal p~ , p** and are all zero. The average value is V,*l,*cxp(ja)i*). 

7- For non-linear loadi. p" , p* and at all frequencies are equal to the demand of the system impedance and any other 
parallel loads that absorb the harmonic and unbalanced currents of the non-linear load. 

8- The terms mentioned in 7 arc supplied through p* and p* by the source for the system considered. Note that if there is any 
form of harmonic filtering, then the above terms are supplied by the source and filter. 

Combining the ac terms with equal frequencies, the total IP is given below; 

Pit) ^p' ■i-p' + p'' + p''^p'^ (47) 

The average values of (4S) on real and imaginar>* axis are the load active and reactive powers respectively as shown below. 
P = 3] |:v;i;cos(pJ + iv,-|,-cos<pf;+ iv^l^costpjl (49) 

Lh-I h-l h.l J 

Q = 3f iv^l^simp; + iVhl^sinip;;+ ZVjiXsincpsI (50) 

(49) and (50) are equal to the real and imaginary average values of (32). The ac terms arc also equal for each frequency. The AP 
in terms of the symmetrical components is the 2«Norm of (4S). Thus; 

50 

SUBSTITUTE SHEET (RULE 26) 



wo 00/03262 _ PCT/GB99/02189 



■4 



Z ivJI^eHl ^ (3I.a) 

f--^,-,o h«l I w«-(D 



S = 3i Z ZViI|;cos<p|;1 J I iv,'li;sin<p!il * tsl (Slb) 

If one can assumes that (16) in [5] is approximately validL i.e. the system impedance matrix is symmetrica] for all frequencies, 
then it is technically more acceptable to consider the ffc, pps voltage in the [P calculation. Thus, the IP is determined from (53). 

^(0- Zv^ikifi/jh-^i/ik + i^l (52) 

k-a.b.c V.h»l h-l h-t J 

p(0 = 3Vrirej'*»!^ |;ijei("ih<-<h) + 3V-f;i-ej^*«''»^^ts> (53) 

h-2 h«l 

It can be seen that the ac terms do not have equal frequencies. The product of the ffc, pps voltage with pps currents leads to a 
complex average value and ac terms with distinct negative frequencies. The product of the ffc. pps voltage and the nps currents, 
on the other hand, results in the ac terms with distinct positive frequencies. The active, reactive and apparent powers are given by 
(54.a), (54. b) and (55. b) respectively. 

P^SVi^I^-coscp* (54,a) 
0 = 3Vi*irsin((>r (54.b) 

S = ^KKJ + Z(3Vr(i;)' + ti^^CrJ (55.a) 
V h»2 h»l 



S-3Vr,/Slj'+f;i,-' (55.b) 



The AP in terms of S», and DP can be written as follows; 

S^^Sl^Sl-^D^ (56) 
Where : 

S, =3V,Mr (57.a) 
S„=3V,^li- (57.b) 



D = 3Vr^ 



7 « 2 
h-2 



It can be shown that the power components at the load terminal have the same format as the source where V,* is replaced by Ej. 
The pf is calculated from P/S whore P and S are given by (54.a) and (55. b). 

With reference to [5] and since the relationship given by (58) is valid between phase and sequence currents at each frequency h 
then (55. b ) can be written in terms of the phaic and zps currents as given by (59). 

li;' + Ih'' + =}(u'h + l£h + l:h) (58) 



The DP can be written in terms of the phase and zps current as shown by (60). 



D = 3V, 



h=2 h-2 



h-2 



(60) 



6-TMREE PH.ASE IMPLEtMENTATION 

The technique for measuring the AP in 3-phase systems is similar to the single phase method that has already been explained in 
Section 4. There is a need to extract the pps voltage after the filter section. The AP is then calculated according to [5). It is 
essential to specify the bandwidth of the measuring units. 

7-CONCLUSIOtN 

The new method for calculating the AP and pf was investigated when the signals are not sinusoidal. Single and three phase 
systems were considered. It was shown that the technique can be equally applied in frequency and lime domains. The active and 
reactive powers are the sum of the active and reactive powers of each frequency and these are determined as the average pov\ers 
of the total IP. This partly confirms the Budeanu definition of the reactive power. The ditVerence in the two approaches is the fact 
that in the new definition the reactive power is determined as the sum of dc values. 

li was shown that it is sutVicient and technically more acceptable to consider the ffc voltage in the IP calculation ai any point in 
the circuit. This reflects the power components that are present at the source. 

With reference to [5). in 3-phase systems the pps, ffc voltage must be considered in the IP calculation. 
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The Distortion Power was defined in terms of the phase and sequence quantities. 
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10-APPENPiX A 

The voltage signal must be filtered to extract the fundamental frequency component (ffc). The filtered signal is then phase shifted 
to form the complex ffc voltage. Thus; 

V|p(0 = V,cos(a)it + a() - (Al.a) 

v,q(0 = V,cos(o3ii + a, - -|) = V|Sin(a),t + a, ) 

Vm(0 = Vjp(r) + jviq(0 

The IP is given by (A3), 
where : 

Pp(0 = vip(r) hlii) = V,cos(a),i + a^) Z\y,QQs{(D^i + Ph ) 
PaiO ^ vi(,(/) f;/h(/) =: Visin(ai|t + ai) iihCOs{a)ht + Ph ) 

(A4) and {A5) can be wrincn as follows; 

/?p(0 = V,l,cos(p, + V,l,cos(2a)tt + X,)+ fv, 1^005(03,^1 + tPih)+ L V|IhCos( J^t + Xth) 



Pu{0 = V,l,sinq)| + V,liSin(2a)it + >.,)+ f] V,lhSin(cO|ht + Pih ) + Z VilhSin(a)^^ + X,h > (A^) 

where; oj|h = a)| - o)^ . oj'** = Ci), + coh 

V and I with subscripts denote the rms of the signals. 
The AP is defined as the rms of the IP. Hcnco; 

S = rms[MOl = ^{rm5[pp(0]P+{rms[;7^(r)]f ^^S) 
where : 

rms[pp(Ol = ^ 
rms(pp(/)l = ^ 



S = VlJ(V...y.i(V.,J=VIv.fI^ (All) 

Y h-2 Vh=l 

The AP can be wrinen in terms of active, reactive and distortion powers as shown in (AI2), 

where : / a 1 1 \ 

P = V,t,cos<<>, = avcnige(pp(OI ^'^ J ^ 

Q = V,l,sin((), =avcfage[p^(/)l (AI3.b) 



D = j|rm^v,p(() 1.^(0 I +jnns v,^(.')f;<h(ojj 



(AH) 
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Having described particular preferred embodiments of the present invention, it is to be 
appreciated that the embodiments in question are exemplary only and that variations and 
modifications such as will occur to those possessed of the appropriate knowledge and skills 
may be made without departure from the spirit and scope of the invention as set forth in the 
appended claims. For example, whilst the present invention has been described as a meter, 
the method employed in the operation of the meter could be used for monitoring of power 
parameters whilst load conditions are being varied or are fluctuating. 
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CLAIMS: 

1. A method of measuring the value of an electrical power parameter, such as Apparent 
Power or Power Factor, of an electrical power signal, the method comprising: 

" ~ calculating a first instantaneous power component as the product of an instantaneous 
voltage signal of the electrical power signal and an instantaneous current signal of the 
electrical power signal; 

carrying out a relative phase shift between the instantaneous voltage signal and the 
instantaneous current signal; 

calculating a second instantaneous power component as the product of the relatively 
phase-shifted instantaneous voltage and instantaneous current signals; 

RMS averaging each of the first and second power components to determine their 
respective magnitudes; and 

using both of the calculated magnitudes to determine the value of the electrical 

power parameter. 

2. A method according to Claim 1, wherein the step of carrying out a relative phase shift 
comprises phase shifting the instantaneous voltage of the electrical power signal prior to 
calculating the second instantaneous power component. 

3. A method according to Claim 1 or 2, wherein the step of carrying out a relative phase 
shift comprises carrying out a relative phase shift of 90 degrees. 

4. A method according to any preceding claim, further comprising determining the 
Apparent Power of the electrical power signal by calculating the square root of the sum 
of the squares of the RMS values of the first and second instantaneous power 
components. 

5. A method according to any preceding claim, further comprising measuring the mean 
value of the first instantaneous power component to determine the Active Power of the 
electrical power signal. 
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6. A method according to Claim 5 as dependent on Claim 4, further comprising: 

calculating the ratio of measured Active Power of the electrical power signal to the 
measured Apparent Power of the electrical power signal, the value of the ratio being the 
Power Factor of the electrical power signal. ~ 

7. A method according to Claim 5 or 6, further comprising integrating the Active Power 
value over time to determine the Energy Consumption of the electrical power signal. 

8. A method according to any preceding claim, further comprising measuring the mean 
value of the second instantaneous power component to determine the Reactive Power of 
the electrical system. 

9. A method according to any preceding claim, further comprising filtering at least one of 
the instantaneous voltage or instantaneous current signals of the electricsil power signal, 
prior to their use in the calculating steps. 

10. A method according to Claim 9, wherein the filtering step results in the fundamental 
frequency component of at least one of the instantaneous voltage or instantaneous current 
signals being obtained. 

11 . A method according to Claim 9 or 1 0, wherein the filtering step results in at least one of 
the harmonic frequency components of at least one of the instantaneous voltage or 
instantaneous current signals being obtained. 

12. A method according to Claim 9, wherein the filtering step comprises: 

filtering the instantaneous voltage signal to obtain its fundamental frequency 
components; and 

using the filtered instantaneous voltage signal and the unfiltered instantaneous 
current signal to measure a Network Delivered Power Parameter. 

13. A method according to Claim 9 or 12, wherein the filtering step comprises: 
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filtering the instantaneous voltage signal to obtain its fundamental frequency 
components; 

filtering the instantaneous current signal to obtain at least one of its harmonic 
frequency components; and 

using the filtered signals to determine a Current Distortion Power Parameter. 

14. A method according to Claim 9, 12 or 13, wherein the filtering step comprises: 

filtering the instantaneous voltage signal to obtain at least one of its harmonic 
frequency components; 

filtering the instantaneous current signal to obtain its fundamental frequency 
components; and 

using the filtered signals to determine a Voltage Distortion Power Parameter. 

15. A method according to Claim 9 or any of Claims 12 to 14, wherein the filtering step 
comprises: 

filtering the instantaneous voltage signal to obtain at least one of its harmonic 
frequency components; 

filtering the instantaneous current signal to obtain at least one of its harmonic 
frequency components; and 

using the filtered signals to determine a Harmonic Apparent Power Parameter. 

16. A method according to any of Claims 12 to 15, further comprising comparing the 
Delivered Power Parameter, the Harmonic Apparent Power Parameter, the Voltage 
Distortion Power Parameter, or the Current Distortion Power Parameter with another 
power parameter determined by the method to produce a dimensionless figiire of merit 
representative of the waveform distortion produced, in the electrical power signal, by a 
load to which the electrical power signal is supplied. 

17. A method according to any of Claims 9 to 16, further comprising: providing two or more 
different types of filtering; and selecting between these different types of filtering to 
obtain two or more different electrical power parameters. 
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1 8. A method according to any preceding claim, wherein: 

the electrical power signal is a multiple-phase signal; 

the calculating steps comprise: calculating a single first instantaneous power 
component for each of the multiple phases; summing the single first instantaneous 
components together; calculating a single second instantaneous power component for 
each of the multiple phases; and summing the single second instantaneous components 
together; and 

the RMS averaging step comprises: averaging the summed first instantaneous power 
components and the summed second instantaneous components; and combining them 
together to provide the first and second averaged instantaneous power components. 

19. A method according to Claim 18, wherein the electrical power signal comprises an 
unbalanced multiple-phase signal. 

20. A method according to Claim 18, wherein the electrical power signal comprises a 
bdanced multiple-phase signal. 

21. A method according to any of Claims 18 to 20, further comprising resolving the 
multiple-phase signal into a phase sequence for use in establishing the effect of a load on 
an electric power network. 

22. A method according to Claim 21, wherein the phase sequence comprises a positive-phase 
sequence in order to obtain a measure representative of the power generated at a source 
of the electrical power signal. 

23. A method according to Claim 21 or 22, wherein the phase sequence comprises negative 
and zero-phase sequences in order to obtain a measure representative of the power 
converted in the load. 

24. A method according to Claim 23 as dependent on Claim 22, wherein the positive, the 
negative and the zero-phase sequences are used to obtain a measure representative of the 
power used by the load. 



57 

SUBSTITUTE SHEET (RULE 26) 



wo 00/03262 



PCT/GB99/02189 



25. A method according to any of Claims 21 to 24, wherein the resolving step is operatively 
selectable by a user. 

26. A method according to any preceding claim, further comprising converting the 
instantaneous current signal of the electrical power signal into a proportional voltage 
representation signal for use in the calculating and averaging steps, 

27. A method according to Claim 1 , further comprising converting the instantaneous voltage 
and instantaneous current signals of the electrical power signal into frequency spectra, 
and wherein the calculating and averaging steps are implemented in the frequency 
domain with equivalent frequency spectra processing steps. 

28. A method of measuring a power parameter such as Apparent Power or Power Factor, of 
an electrical power signal, the method comprising converting measured instantaneous 
voltage and current signals of the electrical power signal into the frequency domain and 
carrying out frequency spectrum analysis on the signals to derive the power parameter. 

29. A method of Claim 28, fiirther comprising: carrying out a relative phase-shift between 
the instantaneous voltage signal and the instantaneous current signal; and converting the 
relatively phase-shifted instantaneous voltage and current signals into the frequency 
domain for use in the frequency spectrum analysis. 

30. A method of Claim 28, ftorther comprising: carrying out a relative phase-shift between 
the instantaneous voltage signal and the instantaneous current signal in the frequency 
domain for use in the frequency spectrum £uialysis. 

31. A method of Claim 29 or 30, wherein the frequency spectrum analysis involves carrying 
out a first convolution of the frequency spectra associated with the instantaneous voltage 
£Uid current signals, a second convolution of the frequency spectra associated with the 
phase-shifted instantaneous voltage and current signals, and combining the results of the 
first and second convolutions. 
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32. A method of measuring the value of an electrical power parameter, such as Apparent 
Power or Power Factor, of an electrical power signal, the method comprising: 

converting an instantaneous voltage signal of the electrical power signal and an 
instantaneous current signal of the electrical power signal from the time domain into the 
frequency domain as frequency spectra; 

calculating a first instantaneous power spectrum as the convolution of the frequency 
spectra of the instantaneous voltage signal and the instantaneous current signal; 

carrying out a relative phase shift between the instantaneous voltage signal and the 
instantaneous current signal in the time domain; 

calculating a second instantaneous power spectrum as the convolution of the 
frequency spectra of the relatively phase-shifted instantaneous voltage and current 
signals; 

combining each of the first and second power spectra to determine the value of the 
electrical power parameter. 

33. A method of Claims 31 or 32, wherein the electrical power parameter comprises 
Apparent Power and the combining step comprises determining the square root of the 
sum of the squares of the frequency components of the first and second power spectra. 

34. A method of any of Claims 29 to 33, wherein the step of carrying out a relative phase 
shift comprises carrying out a relative phase shift of 90 degrees. 

35. A method according to any of Claims 28 to 34, fiirther comprising filtering at least one of 
the instantaneous voltage or instantaneous current signals of the electrical power signal, 
in the frequency domain or prior to the conversion of the at least one signal into the 
frequency domain. 

36. A method according to Claim 35, wherein the filtering step results in the fundamental 
frequency component of the electrical power signal being obtained. 
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37. A method according to Claim 35 or 36, wherein the fihering step results in at least one of 
the harmonic frequency components of the electrical power signal being obtained. 

38. A method of measuring an electrical power parameter such as Apparent Power or Power 
5 Factor, of an electrical power signal, the method comprising: 

filtering at least one of an instantaneous voltage signal or an instantaneous current 
signal of the electrical power signed; 

using the filtered instantaneous voltage or current signal in: 

calculating first and second instantaneous power components as the respective 
10 products of non phase-shifted/phase-shifted, instantaneous voltage and instantaneous 

current signals; 

RMS averaging each of the first and second instantaneous power components to 
determine their respective magnitudes; and 

using the calculated magnitudes to determine the value of the electrical power 
15 parameter. 



20 



39. A method according to Claim 38, wherein the filtering step results in the fundamental 
frequency component of at least one of the instantaneous voltage or instantaneous current 
signals being obtained. 

40. A method according to Claim 38 or 39, wherein the filtering step results in at least one of 
the harmonic frequency components of at least one of the instantaneous voltage or 
instantaneous current signals being obtained. 



25 41 . A method according to Claim 38, wherein the filtering step comprises: 

filtering the instantaneous voltage signal to obtain its fundamental frequency 
components; and 

using the filtered instantaneous voltage signal and the unfiltered instantaneous 
current signal to measxu^e a Delivered Power Parameter frequency spectrum. 



30 



42. A method according to Claim 38 or 41 , wherein the filtering step comprises: 
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filtering the instantaneous voltage signal to obtain its fundamental frequency 
components; 

filtering the instantaneous current signal to obtain at least one of its harmonic 
fi^quency components; and 
- - using the filtered signals to determine a Current Distortion Power Parameter. 

43. A method according to Claim 38, 41 or 42, wherein the filtering step comprises: , 

filtering the instantaneous voltage signal to obtain at least one of its harmonic 
frequency components; 

filtering the instantaneous current signal to obtain its fundamental frequency 
components; and 

using the filtered signals to determine a Voltage Distortion Power Parameter. 

44. A method according to Claim 38 or any of Claims 41 to 43, wherein the filtering step 
comprises: 

filtering the instantaneous voltage signal to obtain at least one of its harmonic 
frequency components; 

filtering the instantaneous current signal to obtain at least one of its harmonic 
frequency components; and 

using the filtered signals to detennine a Harmonic Apparent Power Parameter. 

45. A method according to Claim 41 or 42, further comprising comparing the Delivered 
Power Parameter, the Harmonic Apparent Power Parameter, the Voltage Distortion 
Power Parameter, or the Current Distortion Power Parameter with another power 
parameter determined by the method to produce a dimensionless figure of merit 
representative of the waveform distortion produced, in the electrical power signal, by a 
load to which the electrical power signal is supplied. 

46. A method according to any of Claims 38 to 45, further comprising: providing two or more 
different types of filtering; and selecting between these different types of filtering to 
obtain two or more different electrical power parameters. 
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47. A method of measuring a power quantity such as Apparent Power or Power Factor, of a 
multiple-phase electrical power signal, the method comprising: 

resolving the multiple-phase signal into a phase sequence for use in establishing the 
effect on the electrical power signal of a load to which the electrical power signal is 
supplied; 

using the phase sequence in: 

calculating first and second instantaneous power components as the respective 
products of non phase-shifted/phase-shifted, instantaneous voltage and instantaneous 
current signals; and 

RMS averaging each of the first and second power components to determine their 
respective magnitudes; and 

using the calculated magnitudes to determine the value of the electrical power 
parameter, 

48. A method according to Claim 47, wherein the phase sequence comprises a positive phase 

sequence in order to obtain a measure representative of the power generated at a source 
of the electrical power signal. 

49. A method according to Claim 47 or 48, wherein the phase sequence comprises negative 
and zero phase sequences in order to obtain a measure representative of the power 
generated in the load. 

50. A method according to Claim 49 as dependent on Claim 48, wherein the positive, the 
negative and the zero-phase sequences are used to obtain a measure representative of the 
power used by the load. 

51. A method according to any of Claims 47 to 50, wherein the resolving step is operatively 
selectable by a user. 

52. A method according to any of Claims 47 to 51, wherein the electrical power signal 
comprises an unbalanced multiple-phase power signal. 
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53. A method according to any preceding claim, further comprising sampling the 
instantaneous voltage and instantaneous current signals to obtain a digital representation 
thereof and using the digital representations in the subsequent processing steps. 

5 54. A method according to any preceding claim, wherein the electrical power signal 
comprises a non-sinusoidal waveform signal. 

55. A power meter for measuring the value of an electrical power parameter such as 
Apparent Power or Power Factor, of an electrical power signal, the meter being arranged 

10 to implement a method according to any preceding claim. 

56. An electrical power meter for measuring the value of an electrical power parameter, such 
as Apparent Power or Power Factor, of an electrical power signal, the meter comprising: 

means for calculating a first instantaneous power component as the product of an 
15 instantaneous voltage signal of the electrical power signal and an instantaneous current 

signal of the electrical power signal; 

means for implementing a relative phase shift between the instantaneous voltage 
signal and the instantaneous current signal; 

means for calculating a second instantaneous power component as the product of the 
20 relatively phase-shifted instantaneous voltage and instantaneous current signals; 

mean for RMS averaging each of the first and second power components to 
determine their respective magnitudes; and 

means for using the calculated magnitudes to determine the value of the electrical 
power parameter. 

25 

57. A power meter according to Claim 56, wherein the phase shifting means shifts the 
instantaneous voltage signal of the electrical power signal by 90 degrees prior to the 
calculating means calculating the second instantaneous power component. 

30 58, A power meter according to Claim 56 or 57, further comprising a step-down voltage 
means for stepping down the instantaneous voltage signal of the electrical power signal 
to a level suitable for measurement by the meter. 
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59. A power meter according to any of Claims 56 to 58, further comprising a conversion 
means for converting the instantaneous current signal of the electrical power signal to a 
representative voltage. 

60. A power meter according to any of Cl£ums 56 to 59, the meter being arranged to calculate 
several different power parameters and further comprising means for selectively 
displaying information regarding the values of the calculated power parameters. 

61. A power meter according to any of Claims 56 to 60, further comprising means for 
sampling the instantaneous voltage and instantaneous current signals to obtain a digital 
representation thereof and means for using the digital representations in the subsequent 
processing steps. 
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